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SUMMARY 

This  contract  was  awarded  to  evaluate  several  emerging  NDE  (t'lon-Destructive 
Evaluation)  processes  and  compare  them  with  conventional  ultrasonics  and  FPI 
(fluorescent  penetrant  inspection).  The^^necimens  evaluated  were  HIP  (Hot 
IsostaticaUy  Pressed)  powder  Rene’  95'ailoy  like  that  used  in  the  high  pressure 
turbine  of  the  T700  Aircraft  Gas  Turbine  engine. 

The  evaluation  of  NDE  processes  for  this  contract  revealed: 

o The  prime  method  for  evaluating  cracks  or  similar  defects  open  to  the 
surface  is  an  advanced  method  of  FPI.  This  process  requires  an  acid 
etch  followed  by  an  ultra  high  sensitivity  penetrant,  hydrophilic  remover 
and  non-aqueous  developer. 

o An  advanced  technique  of  conventional  ultrasonics  was  evaluated  which  in- 
creased ability  to  receive  signals  from  small  defects.  However,  a re- 
liable evaluation  of  defect  size  and  location  is  difficult  at  this  time.  For 
some  scans,  false  indications  exceeded  those  from  known  defects.  Sensi- 
tivity to  small  size  defects  appeared  to  be  erratic, 

o One  of  the  new  processes  evaluated  makes  use  of  tte  intensity  mode  ul- 
trasO'ind  using  special  equipment  and  some  important  modifications  in 
ultrasonic  techniques.  Increased  sensitivity  or  ability  to  find  small  defects 
has  been  demonstrated  and  the  visual  display  that  was  employed  conti-ibutes 
to  ease  and  reliability  of  the  inspection  process.  This  NDE  method 
appears  to  be  the  only  one  that  offers  improvement  over  conventional  ul- 
trasonics and  can  be  ready  for  production  NDE  after  some  equipment 
modification  and  appropriate  calibration  effort, 

o Two  new  processes  are  very  promising  but  require  more  development 
prior  to  the  calibration  phase.  Both  promise  improvements  in  detecta- 
bility, ease  of  interpretation  and  low  costs.  Additional  development  is 
recommended  to  bring  these  processes  into  production  reality.  The  two 
NDE  methods  are  Acoustical  Holography  and  Compton  Scattering  Evalua- 
tion, 

o Two  other  new  processes  demonstrated  limited  applications  to  aircraft 
engines  and  no  application  to  rotating  turbine  hardware.  Some  special 
applications  were  identified  but  were  of  peripheral  interest  to  this  con- 
tractual effort.  These  two  NDE  methods  are  Radiographic  Tomography 
and  Neutron  Radiography. 


(1)  See  Appendix  I 
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Witli  regard  to  the  needs  of  NDE  of  HIP  T700  hardware; 


Non  Metallic  Inclusions  - The  most  promising  solution  to  NDE  of  non- 
metaliic  particle  is  the  use  of  intensity  mode,  coherent  pulse,  coherent 
transmit  Holosonic  equipment  ultrasound.  Much  v/ork  is  necessary  to 
calibrate  equipment  and  perform  parallel  inspection  with  conventional 
ultrasonics  before  this  improved  NDE  can  be  ready  for  production. 


Cracks  & Surface  Defects  - The  improved  FPI  method  described  above 
appears  to  be  superior  to  any  other  NDE  method.  For  all  methods 
evaluated,  even  when  crack  locations  were  known,  the  only  process  re- 
vealing entire  cracked  areas  was  the  improved  FPI  method.  Parts  of 
various  cracks  were  missed  with  all  other  methods.  If  crack  inspection 
were  assigned  to  this  FPI  method  some  shear  sweeps  of  ultrasonic  test- 
ing, now  justified  primarily  for  cracks,  could  be  eliminated. 

Porosity  - Indications  of  porosily  from  sample  PI  v/ere  obtained  with 
conventional  ultrasonics  and  intensity  mode  modified  ultrasonics  using 
Holosonic  equipment.  However  the  number  of  indications  were  so  num- 
erous as  to  be  confused  with  background  or  structure.  No  method  has 
been  established  better  than  the  current  thermally  induced  porosity  test, 
TIP(l)  and  density  measuring  method.  One  could  project  that  the  Com- 
pton Scattering  Method  has  the  sensitivity  for  accurately  measuring  den- 
sity . however,  this  work  needs  development  and  would  not  be  available 
for  two  or  more  years. 


The  work  performed  under  this  contract  indicates  the  need  for: 


A calibration  effort,  appropriate  fixturing  and  software  effort  to  convert 
intensity  mode,  coherent  pulse,  coherent  transmit  ultrasound,  (Holo- 
sonics,  Inc.  equipment)  to  production  inspection  capability. 


A development  effort  with  acoustical  holography  NDE  to  some  of  the 

software  problems  associated  with  turbine  hardware  and  defect  size 
being  evaluated  in  the  non  rectilinear  shapes.  This  process  is  probably 
two  years  behind  the  intensity  mode  described  above. 


A development  effort  to  explore  the  problems  of  reliably  inspecting  tur- 
bine hardware  by  Compton  Scattering  Evaluation,  More  effort  is  needed 
prior  to  the  calibration  phase. 


Note  that  botli  of  these  last  two  processes  offer  the  possibility  of  a very  quick, 

low  cost,  and  reliable  automatic  inspection  process.  It  may  be  desirable  to 

avoid  the  intermediate  modified  ultrasonic  step  and  go  directly  to  acoustical  holo- 
graphy. 

(1)  See  Appendix  I 

(2)  See  Page  5 
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FOREWORD 


In  the  manufacture  of  high  performance  gas  turbine  engines,  like  the  General 
Electric  T700,  it  is  normal  practice  to  inspect  all  critical  rotating  parts  by 
radiographic  or  ultrasonic  metliods.  The  ultrasonic  inspection  technique  is 
currently  used  on  most  General  Electric  applications  and,  therefore,  is  curren- 
tly applied  to  hot  iso  statically -pressed  (HIP)  parts  under  development  (refer- 
ence Contract  No.  DAAJ02-73-C-0106). 

The  'jltrasonic  inspection  technique  represents  the  best  current  NDE  (Non- 
Destructive  Evaluation)  method  in  production  for  forgings,  but  there  are  ques- 
tions as  to  its  value  in  a HIP  component.  The  technique  is  more  applicable  to 
ingot  casting  defects,  internal  forging  tears  and  center  bursts  tliat  could  be 
present  in  forgings  but  are  not  present  with  the  HIP  process.  With  a HIP  com- 
ponent, no  internal  defects  would  be  expected  due  to  metal  shearing  because  of 
the  hydrostatic  nature  of  stresses  imposed. 

Since  all  powder  passes  through  a 60  mesh  screen  during  powder  processing, 
normal  contaminants  from  the  process  (e.g.  sprue  erosion)  would  tend  to  be 
below  . 010  inch  in  diameter,  a size  difficult  to  reliably  inspect  with  ultrasonics. 
Needle  shaped  defects  could  have  one  dimension  much  greater  than  , OlO  inch. 
Work  is  in  progress  to  evaluate  the  impact  of  such  small  particles  on  mechan- 
ical properties.  Also  imintentional  contamination  can  occur.  An  NDE  process 
program  must  be  in  place  while  the  quality  aspects  of  this  new  process  are 
being  resolved.  Later  it  will  be  used  to  monitor  process  quality  to  the  stan- 
dards being  developed,  (A  more  detailed  analysis  of  possible  HIP  defects  is 
given  later  in  this  report). 

There  is  another  consideration  with  ultrasonic  inspection  that  is  reason  for  con- 
cern. The  high  noise  from  the  surface  tends  to  hide  responses  from  defects 
near  the  surface.  To  circumvent  this  problem,  ultrasonic  envelopes  are  fre- 
quently specified  to  permit  gating  out  surface  responses  and  later  removing 
this  material  by  machining.  This  is  an  expensive  solution  to  an  NDE  problem 
especially  with  turbine  alloys  high  in  cost  and  difficult  to  machine.  It  is  de- 
sirable to  develop  an  NDE  process  that  will  not  require  a "throw  away"  envelope. 

The  basic  purpose  of  this  contractural  program  was  to  evaluate  several  emerg  - 
ing NDE  processes  and  determine  relevance  for  HIP  turbine  components,  es- 
pecially for  the  T700  engine.  These  NDE  processes  were  compared  with  con- 
ventional ultrasonic  and  surface  penetrant  processes.  It  was  anticipated  that 
a process  would  emerge  that  would  be  as  good  or  better  than  ultrasonic  tech- 
niques currently  used  and  not  have  some  of  its  limitations  when  inspecting  HIP 
hardware, 

(1)  See  Bibliography 
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INTRODUCTION 

The  prime  purpose  of  this  contract  was  to  evaluate  some  of  the  emerging  or 
improved  NDE  processes.  The  specimens  used  were  all  Rene'  95  material,  a 
turbine  disk  alloy  prepared  by  the  new  HIP  powder  process.  Improvements  in 
two  factors  of  inspection  technique  are  desirable;  first  to  reliably  detect  small 
defects  to  permit  life  extension  of  the  advanced  high  strength  alloys,  and,  se- 
cond to  be  more  cost  effective. 

HIP  Powder  Process 

This  basic  NDE  program  is  addressed  to  the  emerging  powder  metallurgy 
program  in  which  a container  is  filled  with  high  quality  alloy  powder,  evacua- 
ted and  sealed.  The  container  is  then  exposed  to  high  temperatures  and  high 
pressures  (typically  2125°F  at  15, 000  PSI  pressure  in  argon)  and  sintered  in 
a manner  that  yields  100%  density,  the  container  shrinking  as  the  powder  sin- 
ters. After  appropriate  heat  treatment,  the  product  has  mechanical  and  phy- 
sical properties  very  close  to  a forged  disk.  The  nickel-base  alloy  used  for 
this  contract  is  a high  strength  high  temperature  disk  alloy,  Rene'  95. 

Since  the  process  involves  isostatic  pressures  at  elevated  temperatures,  in- 
ternal shear  forces,  during  processing,  are  essentially  non-existent.  The 
types  of  defects  that  could  normally  occur  from  the  process  are  the  following: 

o Non  Metallic  Inclusions  - This  is  probably  the  most  significant  defect 
needing  monitoring  in  the  HIP  process.  The  major  source  of  non- 
metallics  are  oxides  which  come  from  mold  washers,  sprue  erosion, 
ceramic  container  particles  or  unintentional  shop  dirt.  Theoretically, 
no  defect  larger  than  . 010  inch  in  diameter  can  occur  since  all  powder 
is  passed  through  a 60  mesh  screen  during  powder  processing.  How- 
ever, an  NDE  process  is  necessary  for  larger  particles  until  or  un- 
less it  is  proven  that  basic  process  control  could  eliminate  accidental 
occurence  of  such  defects. 

First,  there  is  the  necessity  of  establishing  an  applicable  morphology 
(size,  shape  and  distribution)  for  non-metallic  particles  to  permit  a 
proper  NDE  target.  Such  work  is  in  process.  There  are  some  opin- 
ions that  reliable  identification  to  . 010  inch  would  be  useful.  Current 
capabilities  of  reliable  inspection  of  defects  are  well  above  . 010  inch 
in  size.  Reliable  inspection  of  this  size  inclusion  (if  necessary)  poses 
a difficult  NDE  problem.  So  the  current  program  includes  an  evaluation 
of  NDE  capabilities  to  identify  small  non-metallie  particles. 

It  may  be  necessary  to  establish  powder  cleaning  procedures  to  elimin- 
ate most  of  these  oxides  present  in  the  powder  process.  But  the  ex- 
peditious evaluation  of  this  need  requires  better  NDE  processes  than  are 
represented  by  current  production  procedures. 

(1)  Appendix  I 
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o Porosity  (or  less  than  100%  density)  - The  major  source  of  this  type  of 
defect  is  equipment  malfunction  or,  argon  contamination  from  the  atom- 
izing process.  Process  control  appears  to  be  solution  to  the  malfunction 
problem.  The  processing  of  powders  involve  outgassing  which  should 
eliminate  occluded  gases.  These  remainii^  gases  could  contribute  to 
small  pockets  of  porosity  which,  if  not  agglomerated,  would  be  of  the 
order  of  . 002  inch  in  diameter  or  smaller. 

Porosity  of  this  size  tends  to  be  outside  the  range  of  current  NDE  pro- 
cess capabilities.  Two  process  control  devices  are  used  to  monitor  this 
possible  malfunction.  First,  density  measurements  are  made  to  insure 
100%  density  to  five  significant  figures  in  weighing  accuracy.  Secondly, 
a TIP  (thermally  induced  porosity)  test  is  run  on  each  powder  lot  and  on 
each  lot  of  parts.  This  involves  exposing  a compacted  sample  to  tem- 
peratures near  the  melting  point.  At  these  temperatures,  any  internal 
argon  gas  has  maximum  pressure  and  alloy  yield  strength  is  at  a mini- 
mum, Thus,  expansion  of  hole  size  of  any  internal  porosity  occurs.  On 
subsequent  coolitig  to  room  temperature,  any  porosity  increase  at  tem- 
perature results  in  a density  decrease  at  room  temperature,  thus  im- 
proving accuracy  of  density  evaluation  for  gas  porosity. 

Thus,  for  gas  porosity  there  appears  to  be  process  control  methods  in 
place  that  may  be  more  powerful  than  existing  NDE  methods.  Neverthe- 
less, evaluation  of  void  identification  is  a part  of  this  contract, 

o Cracks  or  surface  defects  - Such  defects  are  primarily  the  result  of  im- 
proper quenching  techniques  during  heat  treatment  but  also  can  occur  by 
improper  cut  off  techniques. 

Surface  penetrant  techniques  are  generally  considered  most  applicable  for 
this  type  of  defect.  However,  some  inspection  errors  have  been  made  es- 
pecially when  cracks  present  are  so  tight  that  penetrants  do  not  go  into 
the  defects  of  the  specimen.  In  some  instances,  defects  missed  by  pene- 
trant methods  have  been  found  by  ultrasonic  testing  and  vice  versa.  This 
program  wHl  involve  a critical  look  at  capabilities  of  various  ND’ ' 
methods,  penetrant  and  otherwise,  to  inspect  for  defects  open  to  the  sur- 
face. 

NDE  METHODS  OF  INSPECTION 

o Ultrasonic  Inspection  - This  is  the  reference  NDE  method.  Acoustical 
holography,  neutrc*.  radiography , and  radiographic  tomography  were  com- 
pared with  conventional  ultrasonics. 

Some  experimental  ultrasonic  techniques  were  also  used  to  assess  future 
ultrasonic  capabilities. 


Penetrant  Inspection  - Various  penetrant  inspection  processes  have  been 
used  for  years  with  good  results.  Difficulties  have  occurred  primarily 
with  two  extreme  defect  types:  very  tight  cracks  and  very  open  defects. 

A very  tight  crack  may  not  be  filled  with  penetrant  and  a very  open  crack 
will  sometimes  liave  all  penetrant  washed  out  prior  to  development  se- 
quence of  inspection.  A variety  of  solutions  are  available  and  some  of 
the  newer  ones  were  evaluated  for  this  report. 


o Acoustical  Holography  - This  process  combines  the  ultrasonic  inspection 
process  with  holographic  concepts  to  yield  an  imaging  portrayal  of  the 
object  illuminated  by  ultrasound.  A transducer  is  used  to  focus  ultra- 
sonic energy  on  the  surface  of  the  part.  Sound  is  transmitted  through  the 
part  and  signals  are  reflected  back  from  defects  and  surfaces  to  the  trans- 
mitting transducer  (pulse-echo  technique).  The  transducer  tiaverses  the 
object  with  the  aid  of  appropriate  scarmers  and  bits  of  intelligence  are  re- 
ceived and  recorded  from  a series  of  discrete  positions. 

These  bits  of  intelligence  are  in  the  form  of  a series  of  superimposed  sine 
waves  differing  from  each  other  in  intensity  and  phase.  They  appear  as 
Fourier  type  wave  patterns.  These  information  units  are  combined  with 
an  ultrasound  wave  (single  frequency)  which  results  in  an  electronic  in- 
terference signal.  These  signals  vary  in  intensity  and  phase  shift  with 
time. 

Upon  completion  of  the  scanning  operation,  the  bits  of  intelligence  are  dis- 
played on  a cathode  ray  tube.  This  reconstructed  image  defines  the  part 
and  any  defects  reflecting  the  ultrasound  energy.  The  part  can  be  dis- 
played as  if  viewed  from  various  directions.  A basic  view  similar  to  C- 
scan  in  ultrasonic  testing  can  be  rotated  to  approximate  the  results  of 
a B-scan.  In  this  manner,  the  exact  location  of  defects  can  be  readily 
identified. 

o Intensity  Mode  Ultrasonic  Inspection  Using  Holosonic  Equipment-  The 
Holosonic  electronic  equipment  is  capable  of  a modified  iHtrasonic  in- 
spection. The  process,  used  for  much  of  the  Holosonic  Inc.  effort  for 
this  report,  was  intensity  mode  ultrasonic  inspection  using  pulse-echo 
techniques  similar  to  conventional  ultrasonics.  However,  transducers  with 
broad  band  frequency  response  were  used  and  driven  (not  resonated  at 
their  resonate  frequency)  at  the  desired  frequency  using  a coherent  pulse. 
The  reflected  signal  was  analyzed  using  a coherent  transmit  mode  which 
permitted  analysis  of  phase  shift  as  well  as  intensity.  Whereas  5 MHz  is 
the  effective  frequency  limit  of  most  current  conventional  ultrasonic  equip- 
ment, this  Holosonic  inspection  was  performed  at  5 to  11, 2 MHz,  a fre  - 
quency  range  that  appears  to  offer  some  advantages  in  reduced  wave 
length  and  increased  resolution. 
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Neutron  Radiography  - This  is  a process  of  producing  a radiographic 
image  similar  to  conventional  X-radiography.  The  difference  lies  in  the 
energy  source,  a neutron  emitter  rather  than  X-ray  emitter.  The  source 
of  neutrons  for  this  work  was  Californium  252. 

Several  differences  between  neutron  and  X-ray  radiography  are  described 
briefly  below; 

o Neutrons  have  different  capture  cross  section  than  X-rays.  Heavy 
metals  are  effective  in  impeding  X-rays  but  tend  to  be  quite  trans- 
parent to  neutrons.  Light  metals  or  atoms,  Beryllium,  Hydrogen, 
Nitrogen  and  Oxygen  as  examples,  tend  to  impede  neutrons  but  have 
little  effect  on  X-rays. 

o With  X-rays,  the  X-rays  tliemselves  that  pass  through  the  object, 
impinge  and  expose  the  film.  The  film  is  transparent  to  neutrons 
but  is  exposed  by  neutrons  passing  through  object  and  film,  activat- 
ing the  film  backing  strip  and  exposing  the  film  by  reflected  radia- 
tion. The  backing  material  is  typically  gadolinium, 

o Generally,  exposure  times  are  longer  with  neutron  radiography. 

o Since  radiation  from  the  californium  involves  y rays  in  addition  to 
neutrons,  new  and  different  shielding  techniques  are  useful  to  pre- 
vent film  fogging. 

Compton  Scattering  Evaluation  - This  is  a very  new  technique  developed 
within  the  last  12  months.  The  original  IRT-Army  contract  was  modified 
to  include  a small  effort  of  HIP'd  Rene'  95  hardware.  It  involves  the 
measurement  of  the  scattered  radiation  from  a collimated  X-ray  beam 
generated  by  a cobalt  69  source. 

Radiographic  Tomography  - This  process  involves  an  imaging  technique 
with  conventional  radiography  similar  to  a steroscopic  projection,  A 
stack  of  several  X-ray  films  are  used  for  this  evaluation.  A series  of 
exposures  are  made  with  different  impinging  angles  of  the  X-ray  source. 
Then  with  the  aid  of  reference  dots  on  the  film  and  a special  trimming 
device,  the  films  are  cut  into  discrete  parallelograms.  These  trimmed 
films  are  placed  into  a special  cassette  in  front  of  a conventional  viewer. 
By  manipulating  the  relative  position  of  the  film  stack,  using  a special 
device,  it  is  possible  to  bring  any  part  of  the  object  into  focus.  There 
are  claims  that  unwanted  portions  of  the  part  can  be  placed  out  of  focus 
and  focus  concentrated  on  the  portion  being  evaluated  so  that  the  effective 
clarity  of  picture  is  enhanced. 


NON  DESTRUCTIVE  EVALUATION 


GENERAL 


The  following  HIP'd  Rene’  95  samples  were  used  in  this  evaluation: 

o P 1 T700  turbine  disk  blank,  see  Figure  1 that  was  com- 

pacted yielding  low  density  due  to  an  equipment  mal- 
function. 


o D 1 & D 2 


0 SI,  S2  & S3 


o Cl  & C2 


Two  6 inch  diameter,  2 inch  thick  disks  were  com- 
pacted with  intentionally  added  oxides.  These  were  to 
be  used  to  evaluate  capabilities  of  identifying  non- 
metallic  particles.  Unfortunately  numerous  particles 
were  added  making  definitive  analysis  of  a few  defects 
impractical.  As  indicated  later  in  this  report,  other 
samples  were  used  for  this  preliminary  calibration. 

Three  disks  were  made  with  hole  patterns  drilled  to 
form  reference  defects  in  various  sizes,  locations,  and 
orientations.  These  are  presented  in  Figures  2,  3 
and  4. 

Two  cracked  samples  were  used,  one  similar  in  shape 
to  D1  and  one  a rectangular  block  approximately  1 1/2X 
3 1/2  X 11  1/4  inches  in  size. 


In  addition,  six  turbine  blanks  like  Figure  1,  were  used.  Additional  sam- 
ples were  introduced  later  in  the  program. 


In  the  following  sections,  the  results  are  given  of  non-destructive  eval- 
uation of  the  samples  aascribed  above  using  the  various  NDE  methods. 

It  was  the  intent  of  the  program  to  develop  satisfactory  procedures  with 
these  intentionally  defected  samples  and  apply  the  processes  to  the  six 
HIP  T700  disks.  Comparative  evaluation  was  plaimed  for  all  processes. 
Early  effort  demonstrated  that,  after  initial  evaluation,  some  processes 
did  not  warrant  further  effort  and  so  evaluation  was  discontinued. 
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Figure  1:  Basic  Dimensions  Of  HIP’d  Rene'  95  Disk  Used  For 

NDE  Samples, 
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CONVENTIONAL  ULTRASONICS  AND  IMPROVED  TECHNKjUES 

The  ultrasonic  testing  descrihed  below  was  to  be  used  as  a comparison  standard 
for  all  the  new  NDE  processes. 


The  same  ultrasonic  technique  tiuit  is  specified  for  the  T700  program  was  used  to 
evaluate  tliese  samples.  Tlie  tccimique  is  described  in  the  G.E,  specification 


P3TF1 . 


Tlic  gain  setting  was  adjusted  to  give  a S0%  full  scope 


indication  from  a , 020  incli  side  drilled  l»olc.  Any  single  point  indication  alx>ve 
40%  was  considered  rejectable.  Any  indication  at  30%  and  1/2  inch  long  was  con- 
sidered rejectable. 


llesults 


The  D1  and  D2  samples  were  examined  but  found  to  liave  too  many  indications  to 
make  plotting  practical.  It  was  Urn  original  intent  of  this  test  to  have  a discrete 
number  of  oxides  added  to  make  D1  and  D2  samples.  Thus  the  evaluation  of 
sensitivity  of  this  pi’ocess  to  these  small  defect  sizes  was  not  possible  with  the 
sample?  prepared. 


The  Cl  and  C2  cracked  samples  were  examined  using  the  standard  procedure 
which  gated  out  on  1/8  incli  of  tlie  surface,  tlie  region  loiown  as  tne  ultrasonic  en- 
velope. Several  segments  of  tlie  known  crack  were  missed.  By  inspecting  witli 
a nonstandard  shear  wave  technique  without  the  gate,  most  of  the  crack  was  re- 
vealed. This  inspection  included  the  normal  four  shear  scans,  two  circumferen- 
tial tnt,  clockwise  and  counter  clockwise,  and  two  axial  tilt.  Portions  of  the 
cracks  were  still  missed  indicating  the  need  to  have  near  perpendicular  orienta- 
tion of  tlie  shear  wave  to  the  crack  in  order  to  be  effective.  Another  non-standard 
longitudinal  scan  reveiiled  portions  of  the  crack  extended  as  far  as  3/8  inch  below 
the  surface  but  still  some  portions  were  missed  witli  the  initial  inspection  scans. 
Considering  the  fact  tliat  crack  locations  were  known  and  could  be  seen  visually, 
little  confidence  can  be  placed  on  ultrasonics  to  identify  such  defects. 


SI,  S2  and  S3  - There  was  no  difficulty  in  identifying  ail  , 020  inch  drilled  holes 
in  Si  and  S2,  The  S3  disk  had  holes  varying  from  . 007  to  . 030  inch  in  diameter. 
Not  all  . 007  inch  holes  were  revealed  by  conventional  ultrasonics. 


HIGH  GAIN  ULTRASONICS 


General  Electric  has  been  pursuing  various  approaches  to  high  gain  ultrasonics 
for  the  last  few  years.  This  has  included  work  to  standardize  transducer  re- 
sponse and  electronic  response  of  the  ultrasonic  equipment.  Electronic  modifi- 
cations and  additions  have  lieen  employed  to  get  high  fidelity  signal  response. 


(1)  Appendix  H 


Previous  attempts  to  use  higher  gain  have  been  thwarted  by  high  "noise"  which 
is  really  a mixture  of  electronic  malfunction  and  unintelligible  signals.  To  im- 
prove interpretation,  effort  has  been  made  to  perfect  computer  processing  of 
signal  response  which  ignores  confusing  signals  and  concentrates  on  prime  sig- 
nal response  which  is  then  displayed  witli  devices  that  are  more  readily  inter- 
preted. One  such  display  is  called  "High  Resolution  Gray  Scale  Recording"  and 
is  described  below. 


The  S3  sample  was  intensively  evaluated  using  this  process  to  examine  some  of 
its  merits  and  to  compare  results  with  some  of  the  new  NDE  processes.  It  is 
noteworthy  that  tlie  scanning  development  with  computer  analysis  and  visual  dis- 
play is  effort  that  is  applicable  to  other  emerging  processes  such  as  Acoustical 
Holography  and  Compton  Scattering  Analysis. 


Gray  Scale  Record'ijig  -i_l?^occss  Description 


These  gray  scale  recordings  used  to  evaluate  S3  contain  information  directly 
related  to  the  peak  echo  amplitude  of  each  pulse  received  from  the  bulk  material 
of  the  disk.  The  peak  amplitude  is  recorded  as  15  levels  of  gray  tone,  typically 
with  black  representing  very  low  echo  amplitudes  (5%  of  full  CRT)  and  white 
very  high  echo  amplitudes  (95%  of  full  CRT)  with  the  grays  linearly  spread  be- 
tween, Each  data  point  is  laid  down  exactly  at  the  position  the  ultrasound  beam 
entered  the  disk  surface  when  the  echo  was  received.  The  projected  view  of  all 
the  data  contains  the  observed  surface  area  of  the  scan  (known  as  a C-scan)  for 
two  dimensions,  plus  the  amplitude  gray  levels,  Deptli  position  of  the  echo,  the 
third  dimension,  is  not  recorded.  Normally  the  depth  (time)  gate  window  is  set 
to  include  the  material  just  behind  the  front  surface  to  just  ahead  of  the  back 
surface,  excluding  front  and  back-surface  reflection  echoer,.  Where  depth  in- 
formation is  also  desired,  the  depth  gate  window  is  narrowed  to  a convenient 
thickness  of  material,  i.e. , 1/8  to  1/4  in.  so  that  only  echoes  occurring  from 
one  layer  are  recorded.A  series  of  scans  and  recordings  covering  the  total 
sequence  of  layers  from  front  to  back  provides  the  full  set  of  data. 

Full-depth  gated,  and  section  -\»Tlayer-gated  C-scans  wc-re  both  used  in  eval- 
uating conventional  ultrasonic  detectability  of  the  holes  n S3.  By  tliis  means  a 
set  of  data  was  produced  which  could  be  directly  compared  with  Holosonics  in- 
tensity mode  and  acoustical  holographic  mode  results. 

The  output  of  the  ultrasonic  instrument  is  fed  into  a t>ot  generator  which  con- 
verts the  major  amplitude  of  the  signal  to  a gray  scaj.e  tone.  Dry  facsimile 
paper  having  the  inheient  capacity  to  produce  a maximum  of  15  shades  of  gray 
using  a dot-tone  format  provides  the  image  record.  The  paper  is  essentially 
a black  base  coated  with  a white  overlay.  The  overlay  is  burned  away  by  an 
electric  current  upwards  of  250  volts.  Because  the  "blackness"  of  each 
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burned  spot  is  constant,  only  Uio  length  and  width  of  tlic  dot  varies  to  produce 
the  impression  of  grayness.  "Gray"  as  seen  by  tlie  eye  is  Uic  percent  of  black 
area  against  a wlute  bacUground  over  a si)ccific  area  of  interests  As  the  per- 
cent of  black  area  increases,  tlic  percent  of  white  area  decreases,  giving  15 
shades  from  essentially  pure  wliito  to  pure  black. 

A pracUcal  gray  scab;  computer  module  (analog)  and  writing  driver  system  was 
designed  and  fal)ricaU.Hi  at  GT./AKG  in  th(‘  Mvendale  lab  for  application  in  com- 
posite blnde  and  imitil  disk  inspection  iirograms  over  the  ]xist  three  years.  One 
of  these  same  systems  was  used  in  tlic  Stl  disk  insjiections.  Practical  time  and 
cost  considerations  dichited  that  a .020  inch  line-to-line  spacing  (scanning  in- 
dex) ill  the  recordings  lie  used,  a common  spacmg  known  to  sacrifice  very  little 
in  image  gi-ay-tone  quality  or  dau  content.  Idne-to-lmc  spacing  ranges  from 
.005  U)  ,030  inch  for  maximum  to  minimum  image  fidelity. 

Inspection  Plan 

Ultrasonic  insp^i^ction  of  engine  disks  is  controlled  in  general  by  GE/AEG  Speci- 
fication P3TF1  as  dose  rilled  in  the  preceding  section.  The  bispeetionof  S3  disk 
was  conducted  within  this  specification.  The  inspection  plan  was  established  to 
first  accomplish  i’OTl'l  calibrations  and  scans  on  S3  which  would  be  typical  of 
production  inspection  condilions  using  tlie  . 020  inch  index  for  purposes  of  gray 
scale  recording.  A tyjiical  full-deptli  time  gate  window  was  used. 

Second,  tlie  ultrasonic  instrument  receiver  gain  was  increased  by  12db  (4X  vol- 
tage ratio)  for  longitudinal  mode  scans  and  6db  (2X  volUige  ratio)  for  shear 
mode  scans.  In  Uicse  cases  instrument  gain  was  near  miuximum.  Again,  a 
typical  full~deptli  time  gate  window  was  used. 

Third,  the  section -gate  teehniciue  was  applied.  When  dcptli-section  scanning  is 
used,  the  uiteasonic  instrument  gain  setting  can  be  adjusted  to  the  calibration 
value  lor  that  deiiUi.  Liiereby  oiler ing  the  best  relationship  between  recorded 
echo  amplitude  and  defect  size.  Also,  the  scries  of  adjacent  layer  scans  gener- 
ally give  equal  tones  for  equal  defect  siiie,  regardless  of  depth.  To  effect  tlie 
most  capability  out  oi  conventional  ultrasonic  inspection,  in  this  comparison 
effort  with  the  flolostinics'  caiiabilities  (in  terms  of  driiled-hole  detection),  tlie 
ultrasonic  instx'ument  gain  was  maximized.  This  was  done  by  using  maximum 
instrument  gain  for  the  near -front-surface  and  deepest  layers,  witli  lowered 
gains  for  tlie  between  Livers,  while  keeping  grain  structure  and  front-surface 
ringing  noise  to  no  greater  than  20%  oi  full  CRT  amplitude. 
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Disk  S3  was  placed  on  the  turntable  with  the  axially  drilled  holes  entering  from 
the  lower  surface,  Figure  5.  Observed  from  above,  the  hole  positions  appeared 
as  in  Figure  6.  The  52  actual  scans  accomplished  are  listed  in  Table  I,  grouped 
according  to  the  three  scan  groups  described  above.  Scan  numbers  represent 
the  chronological  order  in  which  the  scans  were  produced,  and  identify  the  in- 
dividual scan  gray- scale  recordings. 


TABLE  1 


SCAN 

FACING 

NO. 

MODE 

DIRECTION 

FIRST* 

1 

Longitudinal 

Top  Normal 

3 

Circum.  Shear 

Top  CW  19° 

4 

Circum.  Shear 

Top  CCW  19° 

7 

Radial  Shear 

Top  In  19° 

9 

Radial  Shear 

Top  Out  19° 

11 

Longitudinal 

O.  D,  Normal 

15 

Circum.  Shear 

OoD.  CV/  19° 

13 

Circum.  Shear 

O.D,  CCW  19° 

SECOND 

2 

Longitudinal 

Top  Normal 

6 

Circum.  Shear 

Top  CW  19° 

5 

Circum.  Shear 

Top  CCW  19° 

8 

Radial  Shear 

Top  in  19° 

10 

Radial  Shear 

Top  Out  19° 

12 

Longitudinal 

O.D.  Normal 

16 

Circum.  Shear 

O.D,  CW  19° 

14 

Circum.  Shear 

O.D.  CCW  19‘ 

THIRD 

34 

Longitudinal 

Top  Normal 

35 

Longitudinal 

Top  Normal 

36 

Longitudinal 

Top  Normal 

37 

Longitudinal 

Top  Normal 

43 

Circum,  Shear 

Top  CW  19° 

44 

Circum.  Shear 

Top  CW  19° 

45 

Circum.  Shear 

Top  CW  19° 

36 

Circum.  Shear 

Top  CW  19° 

47 

Circum,  Shear 

Top  CW  19° 

38 

Circum.  Shear 

Top  CCW  19° 

39 

Circum.  Shear 

Top  CCW  19° 

40 

Circum.  Shear 

Top  CCW  19° 

41 

Circiun.  Shear 

Top  CCW  19° 

42 

Circum.  Shear 

Top  CCW  19° 

CALIBRATION 

GAIN 

TIME  GATE 
WINDOW 

170  P3TF1 

Full  Depth 

450  P3TF1 

Full  Deptli 

450  P3TF1 

Full  Depth 

450  P3TF1 

Full  Depth 

450  P3TF1 

Full  Depth 

200  P3TF1 

.125  to  1.5 

450  P3TF1 

.125  to  1.5 

450  P3TF1 

,125  to  1. 5 

680  P3TFl+12db** 

Full 

Depth 

900  P3TFl+6db 

Full 

Depth 

900  P3TFl+6db 

Full 

Depth 

900  P3TFl+6db 

Full 

Depth 

900  P3TFl+6db 

Full 

Depth 

800  P3TFl+12db 

.125 

to  1,5 

900  P3TFl+6db 

.125 

to  1,5 

900  P3TFl+6db 

,125 

to  1,5 

420  P3TF1+8. 9db 

.25  to  .50 

900  P3TF1+15. 5 

.50  to  .75 

1000  P3TF1+15. 9 

.75  to  1,00 

1000  P3TF1+15.4 

1.00  to  3.25 

920  P3TFl+12db 

0 to  .25 

920  P3TFl+12db 

,25  to  ,50 

1000  P3TFl+10.7db 

.50  to  .75 

1000  P3TFl+7db 

.75  to  1.00 

1000  P3TFl+7db 

1.00  to  1.25 

920  P3TFl+12db 

0 to  . 25 

920  P3TFl+12db 

. 25  to  , 50 

1000  P3TFl+10.7db 

.50  to  ,75 

1000  P3TFl+7db 

.75  to  1.00 

1000  P3TFl+7db 

1. 00  to  1. 25 

16 


F. 


I 


TABLE 

I (ConU 

SCAN 

FACING 

CALIBRATION 

TIME  GATE 

NO. 

MODE 

DIRECTION 

GAIN 

WINDOW 

48 

Radial  Shear 

Top  Out  19“ 

920  P3TFl+12db 

0 to  .25 

49 

Radial  Shear 

Top  Out  19“ 

920  P3TFl+12db 

. 25  to  , 50 

50 

Radial  Shear 

Top  Out  19“ 

1000  P3TFl+10.7db 

.50  to  .75 

51 

Radial  Shear 

Top  Out  19“ 

1000  P3TFl+7db 

.75  to  1.00 

52 

Radial  Shear  . 

Top  Out  19“ 

1000  P3TFl+7db 

1.00  to  1.25 

23 

Longitudinal 

O.D.  Normal 

560  P3TFl  i-12db 

. 25  to  . 50 

24 

Longitudinal 

O.D.  Normal 

750  P3TFl+14db 

.50  to  .75 

25 

Longitudinal 

O.D.  Normal 

1000  P3TF1+16. 5db 

.75  to  1.00 

26 

Longitudinal 

O.D.  Normal 

1000  P3TFl+15.4db 

1. 00  to  1. 25 

27 

Longitudinal 

O.D.  Normal 

1000  P3TFl+14db 

1.25  to  1.50 

17 

Circum.  Shear 

O.D.  CW  19“ 

920  P3TFl+12db 

0 to  .25 

18 

Circuin.  Shear 

O.D.  CW  19“ 

920  P3TFl+12db 

. 25  to  . 50 

19 

Circum.  Shear 

O.D.  CW  19“ 

1000  P3TFl+10.7db 

.50  to  ,75 

20 

Circum.  Shear 

O.D.  CW  19“ 

1000  P3TFl+7db 

.75  to  1.00 

21 

Circum,  Shear 

O.D,  CW  19“ 

1000  P3TFl+7db 

1.25  to  1.50 

28 

Circum.  Shear 

O.D.  CCW  19“ 

920  P3TFl+12db 

0 to  .25 

29 

Circum,  Shear 

O.D.  CCW  19“ 

920  P3TFl+12db 

.25  to  , 50 

30 

Circum,  Shear 

O.D.  CCW  19“ 

1000  P3TF1+I0.7db 

.50  to  .75 

31 

Circum.  Shear 

O.D.  CCW  19“ 

1000  P3TFl+7db 

.75  to  1.00 

32 

Circum.  Shear 

O.D.  CCW  19“ 

1000  P3TFl+7db 

1,00  to  1,25 

33 

Circum.  Shear 

O.D.  CCW  19“ 

1000  P3TFl_2.6db 

1. 25  to  1. 50 

These  scans  are  typical  P3TF1  procedures. 

Production  reliability  has  not  yet  been  established  for  this  process. 
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Equipment 

The  following  equipment  was  used  to  produce  the  conventional  ultrasonic  pulse- 
echo  data; 

MAMIPUIATOR-TANK  SYSTEM: 

Automation  Industries 

4'  X 6"  X 3'  Tanlc 
USG40  Bridge  (X  & Y) 

US740  Vertical  (Z)  Axis  and  Gimbal 
US942  Polar /Drum  Recorder  and  Turntable 

ULTRASONIC  INSTRUMENT: 

Automation  Industries 

UM721  Reflectoscope  S/N  3163-8 
ION  Pulser-Receiver 
E550  Transigate 

Transducer  57A4705  SIL  - 3/4"  dia 

15  Mils  S/N  21452,  Approximately  7 inch  focal  length  in  water 

RECORDING  SYSTEM; 

GE/AEG  Gray  Scale  Computer  Module 
Bogen  MT60  Booster  Amplifier 
Wavetek  Model  130  Function  Generator 
Fitchburg  Timeface  NDR  Facsimile  Paper 


Calibration 

Calibration  was  performed  according  to  Specification  P3TF1  in  order  to  relate 
all  scan  data  to  production  inspection  instrument  gain  levels.  The  standard 
calibration  block  No.  XNB  of  Inconel  718  was  used  for  this  purpose.  Calibration 
Sheets  Figure  7 and  8 are  included.  Additional  reference  data  were  obtained 
from  a cylinder  of  Rene'  95  PM  material  as  follows: 
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CALIBRATION  DATA 


pV240-A 

Equipment  Description:' 


Chassis  S/N  Falser  S/N  Transd.  S/N  Gate  S/N  CaJib.  Blk.  S/N 

a Material 


Linearity  P/M 
Check  Date  Date 


h>IG^-8  T>j7/3  

Palibration  Conditions: 

OelayRangi  Water  Frequency  Scanning  Gain  Mat'l.  Calibration  Delay  ' CourseDelay 

Setting  Path Settings Setting Sot  ting Setting  Setting 

S /A  H ^ 

T.C.G.  Information:  General  Information: 


C'LIBRATION 

f"  ~"1 

.125  .250  . 375  . 500  .625  .750  .875  1.00  1.250 

LONGITUDINAL  O'^O  'US''  Z‘/t> 

rocheck  

PHEAR 

rocheck  

ABLE 

rocheck  

1.50  1.750  3.00  2.125  2.250  2.375  E.500  2.750  2.875 

LONGITUDINAL  5 SO 

rocheck 

if  ■ — — — — ■ — — — 

' SHEAR 

I rocheck 

‘ ABLE 

1 rocheck 

Percent  Merge  of  .125"  longitudinal  @ scanning  gain  level 
Problems:  (Mach.  Malfunction,  Part  Non-Conformance,  etc.) 


List  changes  in  equipt:  (Pulser,  Receiver,  Scope,  Gate,  Transducer,  etc.) 

Note:  Any  changes  in 

equipment  requires 
a new  calibration 
sheet 

Reason  for  change:  ~ ~ 


Figure  7 
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LONGITUDINAL: 


Hole 

Gain 

Amplitude 

Water  Path 

1/4" 

230 

80% 

4.375" 

1" 

230 

80% 

4,375" 

SHEAR: 

Hole 

Gain 

Amplitude 

Water  Path 

1/4" 

350 

80% 

4. 375" 

Results 

The  complete  set  of  52  gray-scale  C-scans  were  reviewed  and  hole  numbers  en- 
tered on  them  where  echo  images  appeared.  This  information  was  then  trans- 
ferred to  Figure  9 as  a summary  of  individual  hole  detectability  by  the  longitud- 
inal mode  and  the  shear  mode  with  its  four  facing  directions.  Full  depth  gated 
and  section  level  gated  echo  occurrences  were  presented  together  in  Figure  9 to 
express  the  value  of  retaining  the  third  dimension  information. 

Scan  No,  6 revealed  all  holes  although  No.  28  was  weak.  The  next  largest  num- 
ber of  indications  (29)  on  one  single  scan  record  occurred  in  Scan  No,  5,  cir- 
cumferential shear,  Ifeicing  counterclockwise,  P3TF1  calibration  plus  6db  (2X 
voltage)  increased  sensitivity,  full-depth  gated.  Maximum  possible  is  30  with 
hole  no,  28  as  the  only  one  not  detected  in  this  scan.  Similar  success  was  ob- 
tained in  Scan  No,  4 (28  indications),  No.  10  (28  indications),  No,  9 (27  indica- 
tions), No,  47  (27  indications),  and  No,  42  (26  indications)  all  in  the  shear  mode. 

A typical  C-scan  is  shown  in  Figure  10,  A typical  B-scan  is  shown  in  Figure  11, 
The  biggest  problem  areas  are  associated  with  interpretation.  For  example,  a 
given  size  defect  appears  to  vary  widely  in  size  by  the  indications  in  the  views  of 
Figure  12,  Figure  13,  shows  two  shear  scans,  one  clockwise  and  one  counter- 
clockwise, Note  the  relative  positions  of  3 and  8,  If  depth  were  known,  the  de- 
fect location  could  be  depicted  graphically,  but  it  is  not  too  accurate.  Clear 
and  concise  presentation  of  location  does  not  exist.  Figure  14  is  a similar  dis- 
tortion illustrated  by  the  shear  angle  rotated  90**,  Then  finally,  false  indications 
are  sometimes  greater  than  indications  from  known  defects  as  illustrated  in 
Figure  15. 

Even  with  this  advanced  method  of  ultrasonic  inspection,  the  major  problems 
are  interpretation  and  reliable  identification  of  all  defects.  This  problem  is 
discussed  in  the  NDE  comparison  section. 
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3.  The  C-scan  Niunber  Two.  The  Circled  Numbers  Refer  to  Indications 
From  Numbered  Holes  in  S3  Sample. 
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These  4 C-scans  and  2 B-scans  Illustrate  a Wide  Variation  in  Size 
and  Shape  of  tlie  Signals  From  Holes  Numbers  1 and  2. 


Examples  of  False  Indications  (arrows)  on  Various  Scans, 


2T- 


'’i 


I 


Vi 


EVALUATION  OF  FPI  SYSl^JMS  ON  AS-HIP*  D RENE*  95 


Purpose 

This  section  and  accompanying  photos  represents  the  investigation  conducted  to 
assess  various  fluorescent  penetrant  inspection  (FPI)  systems  sensitivity  in 
detecting  quench  cracks  in  AS-HIP  Rene'  95  material.  Since  fluorescent  pene- 
trant inspection  is  a relatively  conventional  type  of  NDT  tool  and  thereby  readi- 
ly available  in  AEG,  the  investigation/experiments  were  embarked  tipon  with 
the  objective  of  building  upon  years  of  application  to  optimize  the  sensitivity  of 
a fluorescent  penetrant  type  of  surface  Inspection. 

Description  Of  Process  Approaches 

A block  of  Rene'  95,  2"  X 6"  in  diameter,  containing  an  extremely  tight  quench 
crack  across  the  entire  face  of  the  block  was  methodically  subjected  to  various 
FPI  systems  in  the  unetched  and  etched  conditions.  In  each  case,  the  Impact 
on  crack  sensitivity  was  assessed  by  comparing  penetrants,  emulsifiers/re- 
movers and  developers.  While  this  study  is  based  on  one  defective  specimen, 
the  nature  of  the  defect  permitted  dramatic  comparisons  of  the  sensitivities  of 
FPI  systems.  The  degree  of  sensitivity  between  the  least  sensitive  to  optimmn 
sensitivity  ranged  from  no  visibility  whatsoever  of  the  crack  to  complete  and 
extremely  brilliant  representation  of  the  crack. 

The  reference  inspection  penetrant  processes  are  considered  the  best  produc- 
tion approaches  and  involve  pre-etching  the  sample,  using  conventional  P4l 
penetrant.  E41  hydrophilic  remover  and  either  aqueous  ZP4A  or  non  aqueous 
developer.  The  subsequent  comparison  program  evaluated  effects  of  the 
following  variable  G. 

o Unetched  vs  etched  sample  preparation 

0 Conventional  P41  penetrant  vs  high  penetrating  fluids  ZL22A  or  AL30A.(1) 
o Conventional  ZE4A  emulsifier  vs  E41  hydrophilic  remover 
o Aqueous  AP4A  vs  non-aqueous  developer  (NAWD) 

Results  and  Conclusions 

The  results  of  this  FPI  study  are  presented  in  Tables  EL,  HI  and  IV  and  shown 
pictorially  in  Figures  16-29.  The  crack  involved  could  be  seen  by  the  unaided 
eye  but  it  was  very  tight  and  so  was  not  delineated  completely  by  ultrasonic  in- 
wspectioq  using  either  cenventional  or  advanced  methods,  . .With 

the  advanced  solutions  used  the  crack  was  clearly  delineated  givlTjg  credence  to 
the  contention  that  surface  defects  can  best  be  inspected  with  advanced  FPI 
methods.  One  surface  technique  that  was  not  used  in  this  comparison  was  eddy 
current  testing. 

(1)  The  solutions  used  in  tihis  report  represented  classes  of  Inspection  solutions 
which  probably  have  several  equivalents.  See  appendix  II . 
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Figure  29 


This  process  may  prove  competitive  but  it  still  suffers  from  the  need  to  consider 
defect  orientation.  The  following  conclusion  were  obtained  from  this  data; 


1.  Present  day  fluorescent  penetrant  inspection  with  modifications  can  be  an 
effective  surface  inspection  for  Rene'  95. 


2.  It  has  been  previously  established  and  here  substantiated  that  etching  prior 
to  FPI  yields  a large  improvement  in  crack  detection.  See  direct  com- 
parisons. 

Figure  18  vs  Figure  24 
Figure  19  vs  Figure  25 
Figure  20  vs  Figure  26 
Figure  21  vs  Figure  27 
Figure  22  vs  Figxire  28 
Figure  23  vs  Figure  29 

3.  Non-aqueous  wet  developers  improved  sensitivity  when  compared  to  dry 
developers.  This  was  evident  for  all  penetrants  used  in  both  the  etched 
and  unetched  conditions. 

See  direct  comparisons. 

Figure  16  vs  Figure  17 
Figure  18  vs  Figure  19 
Figure  20  vs  Figure  21 
F igure  22  vs  Figure  23 
Figure  24  vs  Figure  25 
Figure  26  vs  Figure  27 
Figure  28  vs  Figure  29 

4.  The  improvement  in  sensitivity  achieved  with  NAWD  was  not  as  great  as 
tliat  realized  as  a resiRt  of  etching. 

5.  The  hydrophilic  FPI  system  was  slightly  better  than  an  FPI  system  com- 
prised of  a high  sensitivity  penetrant  and  post  emulsification  when  com- 
pared in  the  unetched  condition. 

See  direct  comparisons. 

Fignre  22  vs  Figure  20 
Figure  23  vs  Figure  21 
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6. 


7. 


The  hydrophilic  system  in  etched  conditions  is  far  superior  to  a post  emul- 
sification system.  Indications/cracks  appear  bright  and  distinct,  due  to 
the  absence  of  background  fluorescence  commonly  associated  with  post 
emulsification  systems  on  etched  surfaces. 

See  direct  comparisons. 

Figure  28  vs  Figure  26 
Figure  29  vs  Figure  27 

The  optimum  fluorescent  penetrant  inspection  observed  in  this  evaluation 
was  comprised  of  a high  sensitivity  penetrant,  hydrophilic  remover  and  a 
non-acpieous  wet  developer  applied  to  an  etched  surface. 

NOTE:  Refer  to  the  attached  tables  and  figures  which  support  the  con- 
clusions listed  above. 


Comparison  of  FPI  With  Ultrasonic  Inspection  Of  Cracked  Disks 

In  the  conventional  ultrasonic  inspection  and  associated  FPI  of  two  disk  samples, 
Block  22  and  Cl  (the  latter  disk  is  a part  of  this  program)  rather  deep  cracks 
were  missed.  See  Table  ni.  After  removal  of  , 035-.  300  inch  from  these  disks, 
cracks  were  noted  visually.  This  started  a series  of  ultrasonic  and  FPI  in- 
vestigations summarized  in  Tables  II,  in  and  IV. 

The  FPI  evaluation  (Table  II  was  covered  in  the  preceding  section.  The  initial 
and  final  ultrasonic  evaluations  are  summarized  in  Tables  in  and  IV.  Several 
facets  of  this  program  are  significant: 

o Significant  cracks  were  missed  by  normal  high  quality  FPI  and  ultrasonic 
inspection  on  a 63  microinch  surface,  (1  in  Table  IH), 
o Initial  reinspection  did  not  indicate  that  cracks  were  deep.  (I  in  Table  IV). 

0 Using  GE’s  "best"  FPI  method,  cracks  were  readily  detectable.  See 

Figure  2 and  3. 

o Cracks  could  not  be  identified  by  ultrasonic  inspection  if  0, 125  inch  of 
the  surface  was  gated  out.  (1  in  Table  IH). 
o After  several  modifications  of  ultrasonic  techniques,  e.  g,  use  of  surface 
wave,  the  complete  crack  was  identified  but  not  with  a strong  indication. 
Also,  true  depth  of  cracks  were  not  observed  with  ultrasonic  techniques. 
Noise  contributed  to  loss  in  resolution. 
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Uno  inuy  ciuncludt;  Ironi  lliis  :unl  the  prcecclinji  l‘M’l  study  Unit  reliable  surface 
inspection  is  better  accomplished  witli  proper  FPl  techniques  rather  than  relying 
on  special  ultrasonic  insiiection  metliods.  It  is  believed  tliat,  l:)ecause  of  the 
nature  of  crack  formation  and  tin;  results  of  the  FHl  study,  an  etching  technique 
and  FPI  would  liave  resulted  in  a successful  inituil  crack  detection  of  the  disks 
involved  in  tliis  study. 


nOLOSONICS  INC.  NDE  KFTORT 

The  purpose  of  fhis  project  was  to  evaluate  HIP  Rene'  95  Turbine  Hardware  using 
the  Holosonics  System  200  Scanned  Acoustical  Holographic  System.  This  equip 
ment  is  capable  of  three  major  modes  of  operation;  Intensity  Mode  with  Coherent 
Pulse  (similar  to  conventional  ultrasonics  but  with  certain  equipment  differences  as 
noted  in  Table  V),  Intensity  mode  with  Coherent  Pulse  and  Coherent  Transmit 
(same  as  above  but  with  a transmit  mode  that  records  intensity  as  with  conven- 
tional ultrasound  but  also  phase  shift),  and  full  Acoustical  Holography,  a process 
using  ultrasound  to  illuminate  a sample  for  holographic  analysis.  Other  special 
modes  such  as  ”3D"  are  used  to  better  define  j.  irt  geometry. 

The  acoustical  holography  has  the  greatest  potential  sensitivity  but  it  also 
requires  the  most  complex  software  to  analyze  data  and  convert  to  a visual 
presentation.  Therefore,  the  initial  work  was  done  using  intensity  mode, 
coherent  transmit  which,  for  the  samples  evaluated  in  this  program,  appeared  to 
be  sufficient  to  analyze  for  defects  present.  As  a consequence  of  this  early 
success,  Holosonics  Inc.  performed  a very  limited  analysis  of  acoustical 
holography  as  discussed  later. 

INTENSITY  MODE  HOLOSONIC  EFFORT 


Description  Of  The  Process 

The  Holosonic  equipment  used  in  the  intensity  mode  closely  approximates  conven 
tional  ultrasound  in  many  respects.  A signal  generator  drives  a transducer 
whose  energy  impinges  on  the  sample,  usually  through  a water  couple.  The 
reflected  energy  is  received  by  the  same  transducer  (pulse-echo  technique)  or  a 
different  transducer  and  this  signal  is  processed  into  a form  for  subsequent 
display.  With  the  Holosonic  system,  this  display  method  is  usually  a cathode  ray 
tube  and  the  display  is  some  part  outline  plus  signals  from  any  defects  present. 
Note  the  similarity  to  c 'uventional  ultrasound  except  for  the  display  mechanism. 
Some  important  differences  are  noted  below  and  summarized  in  Table  V. 

First,  with  the  conventional  ultrasound,  narrow  band  transducers  (those  whose 
frequency  response  curves  [)eak  shai’ply  with  small  frequency  spread)  are  used  by 
"ringing"  them  at  their  resonant  frequency.  These  transducers  cannot  operate 
efficiently  outside  of  their  resonant  value,  'fhe  Holosonic  system  usually  uses 
broad  band  transducers  and  drive  thorn  at  a frequency  that  is  best  for  the  applica- 
tion involved.  The  use  of  a broad  band  transducer  makes  possible  a selection  of 
an  operating  frequency  well  removed  from  the  frequency  that  tends  to  amplify 
"background"  and  interfere.  Those  signals  from  grain  boundaries  or  other 
structural  aspects  of  the  base  material  arc  usually  called  "background". 


TABLE  V 


COMPARISON  OF  CONVENTIONAL  ULTRASONICS  WITH  INTENSITY 
MODE  HOLOSONIC  ULTRASONIC  INSPECTION 


Conventional 


Holo  sonic 


Transducers 


Energy 


o Relatively  Narrow  Band 
o Ring  at  resonant  frequency 
o Pulse- short,  peaking  at 
a narrow  frequency  band 
that  pulse  beats  at  varying 
amplitude. 

o Limited  by  area  under 
peaking  pulse. 


Relatively  Broad  Band 
Driven  at  desired  frequency 
Pulse  relatively  long-typically 
10-15  beats  all  at  same 
frequency  and  amplitude 
(coherent). 

Estimated  at  6-8  times 
energy  of  conventional  system. 


High  surface  response 
tends  to  hide  defects  near 
surface.  Good  inspection 
capability  . 100-.  125  below 
surface. 


Good  inspectibility  at  least 
. 030  below  surface  (within 
normal  machining  allowance). 


Frequency 


Interpretation 
of  Data 


o Max.  about  5 MHz. 
o Rung  at  resonant  fre- 
quency of  transducer 
used. 


o Resolution  limited  by 
5MHz  frequency. 


Scope  blip  observation 
of  interpreting  tape  or 
graph  readouts.  C- 
scan  and  B-scan  are 
separate  readouts. 
Defect  size  and  location 
difficult  to  interpret. 


Capabilities  5-12  MHz, 

Can  choose  f-'equency  so 
difference  between  defect 
response  and  response  from 
grain  boundaries  or  metal- 
lurgical structure  is  maxi  - 
mized. 

With  higher  frequency,  greater 
resolution  is  possible  because 
of  short  wave  length  . 

Visual  presentation  of  disk 
outline  with  any  defects 
shown.  Display  can  be  rotat- 
ed electronically  to  pin-point 
location  of  defects. 

Defect  location  easily  noted. 
Defect  size  evaluation  appears 
to  be  improved  but  more  work 
is  needed. 


i»its  -r. 


Description  of  the  Process  (Continued) 


The  Holosonic  signal  generator  gives  off  a square  wave  signal  with  a series  of 
cycles  all  having  the  same  amplitude.  The  number  of  cycles  per  signal  pulse 
can  be  preset.  The  electronic  control  efficiently  chops  the  rise  and  decay  por- 
tion of  the  pulse  leaving  only  the  preset  number  of  cycles  - hence  the  term 
coherent  pulse.  With  conventional  ultrasound  the  ringing  of  the  transducer 
yields  a pulse  with  a sharp  rise  followed  almost  immediately  by  a sharp  decay 
with  a large  amplitude  variation  per  cycle  and  some  frequency  variation  with 
time.  The  use  of  the  coherent  pulse  permits  a much  larger  energy  input  to  the 
sample  and  yields  a reflected  signal  that  can  be  analyzed  in  both  intensity  and 
phase  shift  (coherent  transmit).  Thus  more  information  is  available  to  assess 
the  meaning  of  the  reflected  signal. 

Yet  another  difference  lies  in  the  available  choices  of  operating  frequency.  The 
approximate  limit  with  current  ultrasonic  equipment  is  5MHz.  The  Holosonic 
equipment  used  for  this  contract  was  operated  in  the  range  of  5 to  11.  2 MHz. 

With  higher  frequencies  there  are  shorter  wave  lengths  and  the  wave  length  is 
the  factor  governing  resolution.  Maximum  resolution  is  approximately  equal  to 
the  wave  length  of  the  signal  used. 

With  conventional  ultrasound,  the  ringing  of  the  transducer  yields  a surface 
signal  of  intensity  and  base  width  that  fogs  any  other  signals  in  the  first  layer  of 
material.  This  layer  is  in  the  range  of  . 060  to  . 120  inch  depending  upon  the 
technique  used.  The  coherent  pulse  of  the  Holosonic  equipment  appears  to  reduce 
this  interference  region  to  less  than  . 030  inch  which  is  probably  less  than  any 
anticipated  machining  allowance  for  years  to  come.  The  capability  of  inspect- 
ing near  the  surface  could  eliminate  the  cost  adders  associated  with  the  "ultra- 
sonic envelope"  now  used. 


The  use  of  shear  wave  techniques  with  conventional  ultrasound  can  give  beneficial 
results  for  two  reasons.  First,  the  impingement  of  the  signal  on  plate-like 
defects  (e.g.  cracks)  results  in  maximum  response  when  the  sequence  is  normal 
(perpendicular)  to  the  plane  of  the  defect.  The  response  falls  off  sharply  with 
angular  variation  to  this  normal  orientation.  Secondly,  the  shear  wave  propa 
gation  in  the  metal  tends  to  yield  an  effective  propagation  wave  length  of  half 
that  from  a beam  normal  to  the  surface.  Thus  a shear  wave  at  5MHz  is  propa- 
gating somewhat  like  a lOMHz  signal.  For  the  Rene'  95  powdered  turbine  parts, 
plate-like  defects  are  not  anticipated  except  for  surface  cracks.  If  we  relegate 
the  surface  crack  inspection  to  other  processes,  the  only  value  of  a shear  wave 
may  be  an  effective  change  in  wave  length.  With  the  Holosonic  equipment  capa-., 
bility  well  within  the  lOMHz  value,  it  is  possible  that  shear  wave  analysis  can  be 
eliminated  by  use  of  the  Holosonic  system.  This  could  sharply  reduce  the  number 
of  scans  required  to  inspect  the  part. 
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Description  of  tl\e  Process  (Continued) 


Probably  tlie  most  clear  cut  advantage  and  major  difference  of  the  Holosonic 
equipment  lies  in  the  metliod  of  presenting  the  inspection  results.  The  cathode 
ray  tube  display  will  readily  show  shape  and  location  of  a defect  and  should 
contribute  to  ease  of  operation  and  reliability. 


The  various  metliods  of  image  display  for  the  intensity  mode  Holosonic  ultrasound 
are  illustrated  in  Figure  30.  A C-scan  involves  the  mapping  of  the  top  surface  of 
the  sample  by  the  interrogating  transducer,  usually  positioned  perpendicular  to 
the  plane  of  the  top  surface.  A B-scan  uses  a transducer  perpendicular  to  the 
C-scan  orientation.  A simulated  B-scan  makes  use  of  a C-scan  interrogating 
transducer  viewed  in  the  B-scan  direction  with  the  aid  of  electronic  processing 
of  the  response  signal  prior  to  reaching  the  cathode  ray  display  tube,  A 3-D 
scan  uses  a transducer  in  tlie  C-scan  position  but  makes  use  of  depth  as  well 
as  location  measurements.  The  reflected  signals  are  electronically  processed  to 
yield  a view  on  the  display  tube  tliat  can  be  rotated  permitting  observation  of  the 
signal  display  from  any  chosen  angle.  Examples  of  the  C-scan,  simulated 
B-scan  and  3-D  scan  are  shown  in  Figures  ox,  32  & 33, 


Derimental  Results 


Because  of  the  variety  of  operational  modes  of  the  System  200,  it  was  first 
necessary  to  establish  the  appropriate  parameters  for  inspection  of  the  HIP  disk 
specimens.  Evaluation  of  the  appropriate  transducer  configuration  and  opera- 
tional frequencies  were  first  attempted.  The  HIP  disk  specimens  appear  to  have 
an  extremely  small  grain  structure  acting  as  a very  homogenous  medium  so  that 
attenuation  due  to  scattering  from  grain  boundaries  or  other  structures  within 
the  medium  is  minimal.  Grain  boundry  scattering,  which  is  a function  of  the 
wave  length  ^ , is  usually  the  determining  attenuation  factor  in  most  metals, 
however,  in  the  HIP  disk  specimens  the  small  grain  size  and  homogenity  of  the 
medium  appears  to  allow  operation  at  very  high  ultrasonic  frequencies  for  these 
inspections.  High  frequencies  result  in  short  wave  lengths  and  hence  better 
resolution. 


The  original  inspection  work  in  samples  S 2 and  D 1 were  carried  out  at  a 
frequency  range  betv/een  5 and  7 MHz,  however,  higher  frequency  transducers 
in  a different  configuration  were  constructed  to  allow  inspection  of  some  of  the 
later  specimens  at  higher  frequencies  as  well.  In  this  original  effort  using  £ 2 
and  D 1 samples,  intensity  mode,  coherent  pulse,  coherent  transmit  could 
identify  the  fine  particles  in  D 1 so  most  of  the  subsequent  effort  for  this 
contract  was  performed  using  these  modes.  See  Table  V, 


Figure  30:  Schematic  Drawing  Of  The  System  200 


Imaging  Modes. 


Figure  31:  Flan  View  Or  C-Scan  Of 

Selected  Region  Of  Specimen  D-1. 


Figure  32:  Electronic  Section  Or  B- 

Scan  View  Of  Selected  Region  Of 
Specimen  D-1. 
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Test  Parameters  for  S-2  and  D-1 

Transducer;  5MHz  Broad  Band,  4 inch  focal  length  x 1 inch  diameter 

and  7.5MHz  Broad  Band,  4 inch  focal  length  x 3/4  inch  diameter. 

System  Operating  Frequency:  5 MHz,  7.5MHz  and  6.  22  MHz,  coherent. 

Transmit  Mode;  Coherent  and  Pulsed, 

Direction  Mode;  Intensity 

Image  Presentation  Mode:  Plan  View,  Section  View  and  3-D  Isometric  Projection 
Hard  Copy  Docvunentation:  Polaroid  Type  107  Film. 

The  S-2  sample  is  a simple  disk  with  top-drilled  and  side-drilled  holes  . 020  inch 
in  diameter.  AU  holes  were  identified  using  intensity  mode  Holosonic  ultrasound 
as  indicated  In  Figures  36-39,  A picture  of  the  sample  is  shown  in  Figure  35 
with  a plan  of  the  hole  locations  indicated.  The  plan  view,  with  the  back  surface 
Included  to  outline  the  quadrants,  is  shown  in  Figure  36,  The  same  views  with 
the  back  surface  (and  the  front  surface)  gated  out  is  shown  in  Figure  37,  In 
Figure  38  is  shown  the  quadrant  in  in  plan  view  and  simulated  B-scan.  Note  that 
the  side-drilled  hole  is  well  delineated  in  both  location  and  shape.  However, 
the  end  drilled  holes,  wliose  axes  arc  parallel  to  the  interrogating  beam,  is  well 
delineated  in  the  C-scan  view  (top).  The  simulated  B-scan  uses  C-scan  data 
and  reprocesses  it  to  yield  a view  perpendicular  to  the  interrogating  beam. 

This  view  reveals  the  indication  denoting  the  bottom  of  the  top  drilled  holes,  but 
not  the  shape  of  the  hole.  This  same  response  occurs  in  the  3-D  views  as  shown 
in  Figure  39,  In  all  views  , the  data  was  collected  by  a typical  C-scan  in  which 
the  side  walls  of  the  top  drilled  holes  are  parallel  to  the  interrogating  beam. 
Hence,  the  signal  fails  to  delineate  the  shape  on  the  long  axis  of  the  holes, 
perpendicular  to  the  top  surface. 

During  the  examination  of  resolution  standard  S-2  at  5 MHz  and  7. 5 MHz,  it  was 
determined  that  the  difference  between  flat  bottomed  and  non-flat  bottomed  drill 


holes  was  insignificant  with  regard  to  system  sensitivity  levels  and  gain  settings. 
This  is  significant  because  there  is  a wide  difference  in  response  between  flat 
and  round  bottom  holes  using  conventional  ultrasound. 


It  was  also  determined,  when  making  comparisons  between  samples  S-2  and  D-1,  | 

that  the  drill  holes  in  specimen  S-2  DO  NOT  approximate  the  defect  conditions  || 

in  specimen  D-1.  The  drilled  hole  sample  is  similar  to  a conventional  standard 
used  to  calibrate  ultrasonic  equipment.  If  we  assign  a number  of  100%  to  the  j| 


QUADRANT  IH  T^UADRANT  IV 


Plan  View  Of  All  (1-1)  Drill  Holes  In  Resolution 
Standard.  Back  Surface  Included  For  Reference. 
Image  Magnification;  .45  To  1.  Frequency  5Mllz; 
Except  (Quadrant  IV  7.5  MU/.. 
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CJuadrant  II 


Quadrant  I 


Quadrant  III 
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Plan  View  vd  All  (11)  Holes  In  Resolution 
Suindard.  Imai’e  Mai^nilication:  ^-15  to  L 

Fre<iuene,v : (Quadrants  I and  II;  5MJix, 

tiuadranL"  III  And  IV;  715  MHz. 

Figure  37 
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2X  Section  View  Of  (Juadrant  111 
Lateral  iMaj^:  »15  To  I 

Dei) til  Majt:  2 To  1 
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:!-D  Projected  linage  Of  (^luulrant  111 
At  Tlie  Same  Ma};nificalion  Aa  In  The 
Aliove  Section  View.  I'requenc}'  5iUll'/.. 


Wiunre  •!!) 


system  sensitivity  used  during  examimition  of  resolution  standard  S-2,  then  the 
system  sensitivity  level  necessary  for  detecting  the  inclusions  in  specimen  D-1 
is  100%.  There  is  one  exception  to  tlie  preceding:  one  defect  in  sample  D-1  was 
evident  at  the  sensitivity  level  used  for  examination  of  resolution  standard 
S-2.  See  Figure  44. 

Since  focused  transducers  were  used  for  this  examination,  the  depth  of  the  focal 
point  was  positioned  below  center  and  examined  from  both  sides.  This  posi- 
tioned the  focus  near  tlie  slices  of  test  samples  in  order  to  insure  good  resolu- 
tion of  all  the  programmed  defect  conditions. 

In  Figure  40  is  shown  a picture  of  the  doped  sample  D-1  with  a sketch  show- 
ing the  slices  of  tlie  disk  representing  the  gating  used  to  look  at  one  slice  at 
a time.  This  procedure  was  used  because  of  the  very  large  number  of  ox- 
ides revealed  by  the  s\veep  of  the  total  disk.  T5rpical  scans  are  shown  in 
Figure  41  and  42  of  HI  and  H2  slice.  Note  that  the  combination  of  plan  view 
and  simulated  B-scan  (section  view)  in  Figure  41  make  it  possible  to  accura- 
tely locate  the  defects.  Note  also  that  the  lateral  and  depth  magnification 
values  differ.  In  Figure  42  is  shown  a plan  and  3-D  view  to  illustrate  pictor- 
ially  the  defect  locations.  There  are  too  many  defects  in  this  view  to  make 
mapping  practical  which  points  up  a problem  in  sample  preparation.  D-1  and 
D-2  were  to  be  prepared  with  a few  intentional  oxides  added  to  permit  map- 
ping and  cut-up.  This  would  make  possible  an  assessment  of  system  sensi- 
tivity. The  number  of  oxides  added  was  excessive  thus  limiting  the  value  of 
the  samples  in  sensitivity  evaluation. 

In  Figure  43  is  shown  the  #3  slice  with  the  only  indication  (1)  observable  at 
the  same  gain  setting  as  that  used  for  S-2. 

The  circular  outline  of  the  plan  view  and  the  lines  of  the  section  view  are 
reflections  from  sample  surfaces  intentionally  used  to  outline  sample  and 
reference  defect  signals. 

In  retrospect,  the  good  focusing  procedure  described  above  could  have  been 
improved  by  locating  the  focusing  tlie  center  of  each  gated  slice.  The  num- 
ber of  defects  indicated  in  slices  1 and  5 are  much  lower  than  those  found  in 
2,3  and  4-which  slices  are  in  the  proximity  of  beam  focus.  Since  these  disks 
were  sectioned  from  larger  HIP*d  logs,  one  would  not  expect  this  type  of 
preferred  location  of  oxides.  Thus  the  evidence  tends  to  substantiate  the  need 
for  more  attention  to  optimum  focus  location. 

A new  10  MHz  broad  band  transducer  was  built  witli  a six-inch  focal  length 
and  a diameter  of  0. 3 inch.  This  transducer  was  used  on  most  of  the  re- 
maining NDE  of  this  contract  effort. 





^>licc-  I,  ^Specimen  D-1 
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Seclion  View  C>1'  liKlicalions  In  Slice 
7 1 Silow  in.a  Theii*  Depth  Relative  To  The 
Top  And  Dottoin  Surfaces  Of  The  Test 
Sample.  /, 
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Plan  View  Of  Specimen  D-1  Showing  Indications 
Located  in  Slice  /.'o.  Note  Indication  1, 


I'igxire  43 


Plan  View  Of  Slice  vS  At  A Lowex'  Gain  Setting 
Than  Shown  In  Figure  43 
Magnification:  .45  to  1 

Frequency:  5 MIlz 


Section  View  Showing  Relative  Depth  Of 
Indication  1 To  Top  And  Surfaces 

Of  Test  Sample. 

Datci'al  Mag:  .45  To  1 

Depth  Mag:  1 To  1 Figure  44 
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- V. 


The  evaluation  of  S-2  indicalc'l  a sti'ong  definitive  signal  for  a standard  .020 
inch  drilled  hole  and  insensitivity  to  the  shape  of  tlie  hole  bottom.  Examina- 
tion of  D-1  revealed  a good  visual  presentation  of  oxides^  many  having  dia- 
meters believed  to  be  less  than  . 010  inch.  An  examination  of  S-3  revealed 
excellent  signals  from  ,007  inch  drilled  holes,  See  Fignre  47.  For  tlie  low  den^ 
sity  sample,  D-l,  small  voids  were  easily  revealed.  See  Figure  42,  All 
of  this  indicated  liigh  sensitivity  but  the  need  for  calibration  effort  to  quan- 
tize sensitivity  capabilities. 

A series  of  disk  and  cooling  plate  blanks  were  borrowed.  These  HIP’d  Rene*  95 
blanks  were  to  be  machined  for  engine  qualification  testing  for  the  HIP  process, 
iVrmission  was  given  to  examine  these  blanks  using  intensity  mode  Holosonic 
ultrasound.  All  blanks  were  previously  accepted  on  the  basis  of  ultrasonic 
testing  using  the  General  Electric  specification  P3TF1, 

For  ultrasonic  testing,  tin  standard  calibration  block  is  used  and  the  signal 
from  a .020  inch  side  di  ill<  d hole  is  set  at  80%  full  scope  deflection.  No 
similar  standard  is  <'  ( I i|ied  for  Holosonic  equipment,  and  the  .020  inch 

liole  was  not  a challengn.-,  t.ndard.  So  tlie  gain  was  adjusted  to  readily  reveal 
end  or  side  drilled  holes  . ui  ; mches  in  size,  but  just  miss  .007  inches 
diameter  end  drilled  holes.  These  machine  settings  are  given  below: 


T est  Parameter s 


Transducer;  10  MKz  broad  band,  (i  inch  focal  length  x 1, 4 inch  diameter 
Operating  Mode:  Intensity  mode,  coherent  pulse,  coherent  transmit 
Transmit  Level:  65% 

RF  Gain:  40% 

I-ow  Frequency  Gain:  50V 

Using  tlicsc  values,  the  HIP'd  blanks  were  examined  and  significant  signals 
mapped.  Permission  vas  eranfrd  to  cut  up  one  cooling  plate  in  an  attempt  to 
assess  defect  size.  A series  ol  pictures  in  Figures  48  & 49  illustrate  the  display 
of  the  indications.  It  was  ant  K ip.it.  d tliat  the  sizes  oithe  defects  illustrated 
here  were  less  than  . Alo  imdi  b;!N--don  a comparison  of  indications  from 
S-3  sample, 


Figure  a,  Sy  Sample 
in  . 007  Incli  Hole  Ai-ea 
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. 007  Inch 
Holes  (A) 


Figure  i),  S_..  Sample  at  a Lower  Gain 
than  in  I'igure  a \l>ove^  XoU;  No  Holo- 
sonic  Signal  i'vem  LnrI J.  ()07”)  A 
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Figure  o,  iLirt  No,  17Al27-lss 
Serial  COL  100-15  Intensity  Modi' 

Holosonic  View  Using  Settings 
Listed  in  Talde  1, 

Figure  17:  InleiisiU  Moile  Holosonic  Scan  ol  S.,  Jdentilvini 

.007  inch  Holes, 
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Delineating  13ox 


C-Scan  of  iierial  -46; 


Same  as  (a)  with  Scope  of  Scan  for 
Section  V iew  Gate  2-9  (i  s 


Section  View  Of  Delineating  Box 
Note  Multiplicity  of  Sigmil  - Indication 
of  Many  Small  Defects. 


F\gurc  4iS:  Examples  ol  Intensity  Mode  Ilolosonic  Scans  Of 

Serial  46  Disk 


C-Scan  of  Sei’ial  -49  Gate  Same  as  (a)  Witli  Lines  to  Indicate 

Set  at  4-9  y.  s (Total  Thickness  Scope  of  Section  Scans 

d ys) 


Figure  49:  Intensity  iUode  II  ’osonic  Scan  of  Soricil  49  Disk, 
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The  sample  cut  up  had  five  areas  identified  with  strong  indications  from  the 
Hojosonic  inspection.  Four  of  these  were  destructively  evaluated  by  electro- 
lytically  macliining  the  surface  removing  a thin  . 005  inch  layer  between  each  exam- 
ination. The  presence  of  a non-metallie  particle  resulted  in  a localized  area 
retardation  of  chemical  attack  as  illustrated  in  Figure  50  . Another  sample  was 
exposed  to  metallographic  polishing  between  examination  cycles.  With  both 
methods,  many  .001-.  002  inch  particles  were  found,  one.  004  was  found  but 
none  larger.  Considering  tlie  care  used  in  this  evaluation,  it  might  be  concluded 
that: 

o There  were  no  non-metallic  particles  in  these  areas  larger  than  . 004.  - A 
possible'corclusion  but  one  not  proved.  See  Figure  51. 

o The  large  indications  noted  in  intensity  mode  inspection  were  due  to  clusters 
of  fine  non-metallic  particles  grouped  too  close  to  each  other  to  be  resolved 
as  individual  particles.  See  Figure  50.  This  appears  to  be  the  most 
probable  explanation.  To  prove  it  would  require  quite  careful  mapping 
and  small  incremental  metal  removal  between  inspection  cycles. 

o Lastly,  larger  defects  could  have  been  missed.  It  is  possible,  but  not 
probable  that  a defect  ,010  inch  was  missed.  It  does  not  appear  possible 
that  a . 020  inch  defect  could  have  gone  undetected. 

Again  this  evaluation  gave  evidence  ol  increased  sensitivity  of  the  Holosonic 
intensity  mode,  but  no  solid  proof.  So  the  sh':  disks  were  tlien  evaluated  in  a 
similar  manner  witli  view  to  a second  cut  up  analysis  using  the  procedure 
designed  to  map  . 002  inch  particle  locations.  The  cluster  concept  would  be 
evaluated. 

Unfortunately,  at  the  same  machine  settings,  these  six  disks  were  quite  clean. 
See  Figure  53  for  a typical  result.  So  again  the  attempt  to  quantitize  sensi- 
tivity improvement  was  thwarted. 

General  Electric  was  preparing  a series  of  intentionally  doped  samples  with 
view  to  mechanical  testing  specimens  with  known  defects.  The  first  four  disks 
were  doped  as  shown  in  Table  VI  below: 


»w  Jill 


500  X 


400  X 


Inclusion  About 
oOOl  Incli 


Kiguro  51  (Continued)  Inclusion  About 

, 0025  Inch 

Kxamplcs  oi  the  l.arj^er  Inclusions  Found 
in  MeUillographic  Sectioning. 
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anuci^u!^tXAtc^t(Pjtt.A£&^j:is^i 


INDICATED 
SHAPE 
OF  DEFECT 

CZ] 


NO.  DEFECTS 


o 


KisiuiX'  oi 

S1>.\T1.\I.  ILLUSTK.VPK'N  Ol  DKFKCTS 

AssmiU'  Di'loct  Si/,(>  AImhU  ,002  Inch  .\iul  Layer  Seixiration 
,002  Inch,  Ml  DiOccU  In  Tliis  Coniposilc  Would  A])pcar 
A.S  A Single  Dc'k'cl  DiU'  To  llcsolution  l.iiniLs  ()l  llolosonic 
Kciuiiinicnt  .\t  Indicated  Sc-lUni>s, 


TAl^Ll-:  VI 


Intentionally  Doped  Disks  Of  Rene'  1)5  IllP'd  Material 


Number 


Added  Oxide 

AI2O2 


AI2O3 

Fe^^O^ 


Size  Added 
,006-.  010 
.020-. 033 
. 047-. 065 
. 033-. 047 


All  disks  were  inspected  using  conventional  ultrasonics.  The  results  are 
shown  in  Table  VII  along  with  Ilolosonic  results.  See  Figures  54  to  58.  There 
was  strong  evidence  that  identification  of  412  and  414  were  reversed.  Compare 
tlie  size  defects  added  (Table  VI)  with  the  Figures  54  and  55.  Secondly,  a 
container  malfunction  resulted  in  oxygen  pick  up  for  i‘M16  making  this  specimen 
useless.  See  Figure  58.  However,  the  number  of  relatively  strong  indica- 
tions on  412,  413  and  414  gave  )X)sitivc  evidence  of  increased  sensitivity  over 
conventional  ultrasonic  testing.  See  summary  in  Table  VII.  Significant  indi- 
cations in  412  and  4l3  were  mapped  and  attempts  will  be  made  to  section  tiiese 
for  assessment  of  defect  size.  However,  the  vrJuc  of  these  samples  seem 
limited  because  of  the  metliod  of  sample  preparation.  Conventional  powder  was 
used  which  can,  and  evidently  did,  have  numerous  oxides  present  as  a result 
of  sprue  erosion  during  melting  and  atomization.  Such  particles  smaller  than 
.010  inch  could  pass  through  the  screening  (-60  mesh)  used  in  processing  the 
powder. 


Let  us  assume  the  numbering  of  412  and  414  was  reversed.  The  Holosonic  in- 
tensity mode  scan  of  a portion  of  it 414  is  shown  in  Figure  54.  This  would  be 
the  sample  to  which  was  added  . 006  to  . 010  inch  defects.  Indication  number  1 
looks  to  be  quite  large  but  all  of  Uie  rest  appear  to  ie  quite  small.  Remember 
none  were  found  by  conventional  ultrasonics.  Thirteen  indications  were  strong 
enough  in  both  C-scan  and  simulated  B-scan  to  permit  accurate  mapping.  There 
is  strong  indication  tliat  these  were  in  the  range  of  . 006  to  . OlO  inch  in  size. 

TABLE  VII 


Number 


Results  From  NDF,  Of  Disks 

Ultrasonic  Results  Holosonic  Intensity  Mode 


5)  significant  indications 
2 significant  indications 
None 

Manv  indications 


13 

16 

Numerous 

Manv 


SIMULATKD  B-  SCAN 


Figure  55:  Sample  412,  Gated  9,5  - 12„4  see,  I'rom  Opposite  Side  (side 

opposite  ultrasonic  indication  marks) 


C - SCAN 


SIMULATED  B - SCAN 


Location  of  Sections 
Figure  56;  Full  Width  Scan  of  Sample  f/413  Using  Settings  From  Table  II 
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Test  Data  On  Tvvo  Cracked  Specimens;  #C-1  And  #C-2 

Specimen  C-1  is  6"  in  dianieter  and  2"  thick.  Specimen  C 2 is  a rectangular 
block  8"  X 4"  X 1 1/2"  tliick.  Both  pieces  contain  tightly  closed  cracks  ori- 
ginating at  the  surface. 

Two  techniques  were  used  for  the  inspection  of  these  test  pieces.  Figure  59 
depicts  a scanning  configuration  that  employs  a separate  source  and  receiver. 
This  configuration  is  similar  to  through-transmission  in  that  the  image  is  a 
shadow  picture;  i.e. , the  presence  of  a crack  radiating  from  the  back  surface 
of  the  specimen  is  indicated  by  a lack  of  signal  at  the  receiver  transducer. 

Figure  60  depicts  a shear  wave  technique  using  a simultaneous  source/re- 
ceiver. In  this  case,  the  presence  of  a crack  radiating  from  the  back  sur- 
face of  the  specimen  is  indicated  by  a return  signal  reflected  from  the  crack. 
The  technique  shown  in  Figure  59  was  the  more  successful. 

Figure  61  is  a 10. 6MHz  coherent  shear  wave  image  of  Specimen  C 1.  This 
photograph  is  typical  of  those  obtained  during  several  scans  of  Specimen  C 1, 
in  different  transducer /specimen  orientations.  The  sensitivity  was  sufficiently 
high  in  this  case  to  depict  grain  boundary  scattering  in  the  image.  The  lack 
of  any  crack  indications  in  this  image  suggests  that  the  known  surface  cracks 
in  this  specimen  are  very  shallow.  In  reality  they  were  quite  deep. 

Figure  62  is  a lOMHz  image  of  Specimen  C 1 using  the  technique  shown  in 
Figure  59.  The  detection  of  one  crack  is  denoted  by  (1).  This  image  is  typical 
of  those  obtained  during  inspection  of  Specimen  C 1 with  separate  source  and 
receive  transducers.  This  image  tends  to  confirm  that  the  visible  surface 
cracks  are  not  readily  identified  with  ultrasonic  techniques  due,  in  part,  to 
the  high  dependence  on  ideal  orientation  of  the  beam  to  the  plane  of  the  crack. 

Figure  63  is  a lOMHz  image  of  Specimen  C 2 and  was  made  with  the  set-up 
depicted  in  Figure  59,  The  cracks  (black)  seen  in  this  figure  propagate  far 
enough  below  the  surface  to  be  readily  detectable  by  this  imaging  technique. 

It  is  not  certain  that  the  true  depth  is  represented  by  this  scan. 

Figure  64  is  an  image,  of  a known  simulated  crack,  1/4"  deep,  in  a 1/2"  thick 
test  sample  and  was  made  using  the  same  set-up  as  the  image  of  Specimen  C 2 
in  Figure  63. 

Application  of  the  System  200  to  detection  of  shallow  cracks  in  these  types  of 
specimens  would  require  multiple  scanning  direction  to  assure  that  the  trans- 
ducer is  near-normal  to  the  crack  face  in  order  to  receive  a reasonable  size 
reflected  signal.  Even  then,  reliability  is  questioned. 


Figure  65;  Sample  PI  Gated  To  Record  A Small  Depth  Increment, 


Results  on  PI  indicated  ability  to  obtain  response  signals  from  small  voids. 
The  number  of  voids  present  made  systematic  evaluation  meaningless. 


From  this  work  on  intensity  mode  Holosonic  ultrasound  we  can  conclude: 


Much  improved  method  of  data  presentation  exists  but  there  is  the 
need  for  equipment  modification  to  permit  calibration. 


The  metliod  of  signal  presentation  more  accurately  predicts  size  and 
shape. 


Accurate  and  easy  location  of  defects  is  possible  with  cathode  ray 
method. 


Holoso^ics  demonstrated  an  ability  to  inspect  nearer  the  surface  than 
with  current  ultrasonic  practice. 


There  are  strong  indications  ot  improved  sensitivity  but  there  is  a need 
to  substantiate  this  claim  witli  moi'e  cut  up  evaluation. 


There  appears  to  be  no  promise  that  this  process  wRl  be  a crack  in- 
spection process. 
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ACOUSTICAL  HOLOGRAPHY 

Acoustical  holography,  with  the  Holosonic  equipment,  makes  use  of  all  tiie 
tools  used  with  intensity  mode,  coherent  pulse,  coherent  transmit,  ultra- 
sounddiscussed  above.  Then  the  response  signal  is  processed  with  a com- 
puter capable  of  handling  complex  Fourier  formulations  and  reconstitutes 
this  information  in  the  form  of  a hologram.  Thus  one  would  expect  all  the 
improvements  listed  in  Table  V plus  an  additional  apparent  advantage. 

There  is  a limited  effec  t oJ  jjignal  sensitivity  on  the  proximity  of  a defect 
to  the  transducer  focus,  illustrated  in  Figure  66,  defect  #1  is  closer 
to  the  beam  focus  than  defect  #2.  If  we  assure  the  two  defects  are  of  equal 
size,  defect  #1  would  absorb  a larger  percentage  of  the  ultrasonic  beam 
energy  than  defect  #2.  (The  cone  area  at  #2  is  greater  than  #1  and  the  ener- 
gy at  #26  is  more  diffuse).  Thus  the  signal  from  defect  #1  would  be  strongest. 
In  conventional  ultrasc  und  this  would  be  reflected  in  an  indication  of  larger 
defect  size  with  acoustical  holography,  the  reconstructed  hologram  is  the 
summation  of  a series  of  signals  from  that  defect  representing  a series  of 
locations  of  the  transducer.  Because  of  the  cone  angle,  rt:sponse  signals  would 
be  received  from  rpr-re  transducer  locations  .6. <-»m  #2  than  1/1  so  the  integrated 

or  composite  response  from  both  defects  would  be  essentially  equivalent.  If 
another  modification  is  made  in  the  electronic  signal,  the  response  from  the 
two  signals  could  be  even  closer  making  accurate  calibration  of  defect  size 
more  probable.  This  mcdification  is  an  amplification  of  the  signal  as  a fun- 
ction of  the  depth  so  that  wave  absorption  effects  could  be  negated. 

For  the  work  on  this  contract,  there  was  no  computer  available  capable  of 
handling  acoustical  holography  for  these  samples,  nor  was  the  associated 
software  in  place.  Thus  /he  holography  was  done  by  a reconstruction  mettod 
that  only  aoproximates  the  capabilities  of  a fully  developed  system. 

Reconstriic  tahle  Acoustical  Holography 

Figure  66  rlnpicts  typical  parameters  for  acoustical  holography  imaging.  In 
most  cases,  the  transducer  is  set  up  to  focus  on  the  surface  of  the  specimen 
being  inspected.  The  figure  depicts  the  transmitted  ultrasonic  beam  shape  of 
an  F/4,  lens  focused  transducer,  i.e. , the  transducer  focal  length  is  four 
times  the  active  clement  diameter.  Fcair  different  transducer  locations 
during  a scan  are  pictured. 

For  acoustical  holography,  optimum  imnsre  quality  is  determined  by  the  size 
of  the  scanned  aperture,  transducer  frequency  and  the  distance  to  the  object. 
The  frequency  dependency  is  similar  to  conventional  ultrasound.  The  higher 
the  frequency  the  shorter  the  wave  length  and  the  better  the  resolution. 
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The  scanning  aperture  is  a measure  of  the  number  of  discrete  transducer  lo- 
cations contributing  to  the  reconstructed  hologram.  The  greater  the  aperture 
the  higher  the  number  and  the  sharper  the  holographic  image.  Also  the  greater 
the  distance  to  the  object  (or  defect  wAthin  the  sample)  from  the  focus  of  the 
transducer,  the  larger  number  of  transducer  locations  contribute  to  the  recon- 
structed hologram  and  so  the  sharper  the  image. 

This  calls  attention  to  a small  problem  with  acoustical  holography  when  com- 
pared to  intensity  mode  Holo sonic  ultrasound,  With  the  latter  process  the  focus 
is  well  within  the  part  and  usable  response  from  defects  to  about  , 030  inch  from 
the  top  surface  is  possible.  Closer  approach  to  the  bottom  surface  is  reasonable. 
With  acoustical  holography,  the  focus  is  typically  at  the  surface  tending  to 
ring  tlie  surface.  This  causes  no  problem  when  defects  well  within  the  part 
are  imaged  since  tlie  reconstructed  hologram,  having  many  contributing  signals, 
tends  to  ignore  that  signal  from  tJ\e  surface.  But,  when  the  defect  is  near  the 
surface,  the  holographic  signal  tends  to  be  more  diffuse  because  of  fewer 
contributing  response  elements.  For  such  defects  the  ringing  of  the  surface 
tends  to  interfere.  To  circumvent  this  problem,  the  hologram  should  be  made 
by  using  two  or  more  transducers  some  of  which  are  focused  below  the  surface. 

In  practice,  an  acoustical  hologram  is  formed  as  follows: 

o Assume  that  Figure  67  is  a plan  view  of  Object  #2  in  Figure  66, 

0 The  transducer  scans  a rectilinear  pattern  as  in  Figure  67, 

0 Object  #2  is  diffusely  illuminated  by  scanning  the  diverging  ultrasonic 

beam  as  depicted  in  Figure  67. 

o The  transducer  is  driven  by  a coherent  sinusoidal  source  at  its  resonant 
frequency.  The  resultant  pulse  of  coherent  ultrasound  travels  through 
the  medium  and  is  reflected  from  Object  #2,  This  reflected  energy  pulse 
is  received  by  the  transducer. 

o The  phase  of  the  reflected  object  signal  is  compared  to  an  electronically 
generated  reference  signal.  The  result  is  an  electronic  interference 
pattern. 

o Each  scan  line  can  bf  written  as  a row  of  dots  on  the  face  of  storage 
oscilloscope.  The  r.ol  spacing  being  a function  of  the  phase  comparison 
along  the  scan  line,  or  the  interference  pattern. 

o The  acoustical  hologram  oi  Object  02  appears  on  the  storage  scope  as  a 
pattern  similar  to  that  shown  in  Figure  68. 

o In  a production  system,  the  hologram  information  would  be  reconstructed 
by  a micro-computer  to  provide  near  real-time,  high  resolution  Images 
of  any  defect  condition  in  the  production  part.  In  this  initial  feasibility 
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Figure  68:  This  Pattern  Is  Very  Similar  To  That  Obtained  By  Maldng  An 
_ Acoustical  Hologram  Of  A Point  Source,  Or  A Small  Diameter, 

Circular,  Planar  Defect  Condition. 
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Figure  69:  Sehem^ic  Diagram  - Optical  Reconstruction  Of  An  Acoustical 

Hologram 
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test,  the  microcomputer  was  not  available  and  two  step  optical  recon- 
struction was  accomplished  by  recording  the  hologram  on  Type  46L  Po- 
laroid transparency  film. 


The  transparency  of  the  acoustical  hologram  is  placed  in  an  optical  re- 
constructor (represented  schematically  in  Figure  69)  and  the  reconstruc- 
ted image  of  Object  #2  (Figure  67)  is  displayed  on  a video  monitor. 
Distance  in  Figure  69  is  proportional  to  the  depth  of  Object  #2,  and  the 
true  size  of  Object  #2  is  as  presented  on  the  face  of  the  video  monitor, 
multiplied  by  a magnification  factor  based  on  the  distance  of  the  object 
from  the  focal  point  (hologram  plane)  of  the  transducer  and  the  acous- 
tical frequency. 


The  optical  reconstructor  schematically  drawn  in  Figure  69  can  be  replaced  by 
a microcomputer  reconstruction  system  with  TV  display.  The  effect  of  the 
lens  system  in  Figure  69  is  to  take  the  fourier  transform  to  the  Hologram  data 
to  obtain  the  reconstructed  image.  This  same  mathematical  transformation 
may  be  accomplished  with  a microcomputer  and  displayed  on  a TV  monitor.  The 
microcomputer  reconstructor  has  the  added  advantage  of  eliminating  the  film  and 
making  the  inspection  a one  step  operation.  In  addition,  the  microcomputer 
transforms  the  Hologram  information  using  the  known  acoustical  wavelength 
which  helps  to  eliminate  out-oi-focus  information  commonly  present  in  optical 
reconstructors  where  the  optical  wave  length  must  be  used.  The  microcomputer 
reconstructor  is,  therefore,  proposed  for  the  final  configuration  of  this  insp- 
ection system. 


Figure  72  is  a photograph  of  anil  MHz  acoustical  hologram  of  two  side-drilled 
holes  in  resolution  standard  S-1.  This  hologram  was  optically  reconstructed  as 
depicted  in  Figure  69  schematic  diagram  using  input  depicted  in  Figure  70,  The 
two  holes  lie  at  different  depths  in  tlie  test  specimen.  By  varying  distance  "d" 
(Figure  69)  one  may  focus  on  one  drill  hole  and  then  the  other.  See  Figure  71 
and  73. 


The  advantages  of  acoustical  holography  lie  in  the  ability  to  accurately  deter- 
mine the  lateral  dimensions  of  objects  lying  in  the  reconstructed  image  plane  of 
the  hologram  and  to  obtain  tlie  highest  resolution  of  any  defect  condition  regard- 
less of  its  depth  in  the  specimen.  Note  that  with  computer  reconstruction,  the 
results  of  Figures  71,  72,  and  73  would  be  improved  so  that  both  holes  would 
appear  in  focus  as  discussed  below. 


When  a microcomputer  is  used  to  obtain  near  real-time  acoustical  holography 
images  it  must  mathematically  transform  (Fast  Fourier  transform)  the  hologram 
data  into  the  reconstructed  image.  Because  of  the  flexibility  of  the  computer, 
it  may  choose  the  reconstruction  wavelength  to  be  equal  to  the  original  acoustical 
wavelength  and  thereby  avoid  any  unnecessary  distortion  in  the  reconstructed  im- 
age. When  an  optical  ruconstructor  is  used,  the  reconstnicted  wavelength  is 
fixed  as  the  light  wavelength. 
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Figure  70: 


llMHz  Acoustical  Hologram  Of  Two  Side  Drilled  Holes  In 
Resolution  Standard  S-1.  This  Hologram  Contains  The 
Phase  And  Amplitude  Information  From  Which  Reconstructed 
Images  In  Figures  71  - 73  Are  Obtained. 
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Figure  71:  Reconstructed  Image  Of  Figure 

70  Hologram. 

Set  To  Focus  Hole  #1  On  Image  Plane, 

r^^  = 4, 08  m,  rjj  = 10  m M = 1. 08 

(Image  Mag.) 
m*  = 1.333 


Figure  72:  Reconstructed  Image  Of  Figure 

70  Hologram. 

r^^  Set  Midway  Between  Hole  #1  And  Hole 
#2  Focus  On  Image  Plane. 

r = 4.12  m,  - 10  m M = 1.07 

^ m =1.333 


Figure  73:  Reconstructed  Image  Of  Figure 

70  Hologram, 

r Set  To  Focus  Hole  #2  On  Image  Plane, 
a 

r = 4, 2 m,  = 10  in  M - 1, 03 
^ m = 1.333 


* m is  the  ratio  of  the  lengtli  of  one  side  of 
the  scanned  aperture  to  the  length  of  one  side 
of  the  hologram. 
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The  formula  for  calculating  lateral  reconstruction  image  magnification  is: 

Ml  = (2  A l/  ^ s)  (wi^b/ri) 

O 

Where  A t and  A s are  light  (6328  A for  He-Ne)  and  acoustic  wavelengths, 
m is  the  hologram  copy  reduction  factor  (typically  4),  rj  is  the  depth  of  the 
object  (See  Figure  66)  and  r^  is  determined  from  the  equation: 


1/ru  = (2  X T m / A s^l)  - l/r„ 


The  term  r^^  is  hologram  to  zero  order  light  focus  distance  (See  Figure  69) 
and  is  generally  a negative  number,  making  the  more  common  fo>’m  of  the 
above  formula: 


l/rjj  = 1/r^  ± (2  ^l"^^  ^ ^ 


The  two  resolutions  being  for  the  true  image  and  the  conjugate  image. 


The  large  difference  in  acoustical  and  optical  wavelength  cause  under  sirable 
effects  in  the  reconstructed  hologram  which  would  not  be  present  if  micro- 
computer reconstruction  were  used. 


Thus,  the  opportunities  in  acoustical  holography  have  been  indicated.  The 
capabilities  appear  equal  or  better  than  intensity  mode  Holosonic  ultrasound 
and,  theoretically  should  be  better.  Additional  work  is  required  but  such 
effort  demands  certain  equipment  modification  as  indicated  on  page  , 


INTERCOM  RAD  TEC  NDi-  l^l■l■’01lT 
NEUTRON  RADIOGRAPHY 


This  process  was  evaluated  Iml  proved  to  have  no  application  to  rotating  turbine 
hardware.  There  are  special  applications  for  this  process  and  one  typical  use  is 
given  later  in  tliis  report.  Latt*  in  this  contract  period,  work  on  neutron  radio- 
gfraphy  was  stopped  and  ell  oil  was  transferred  to  a new  process,  Compton 
Scattering,  which  is  discus'  --d  later  in  this  section.  The  neutron  radiography 
effort  is  described  below. 


DESCRIPTION  OF  THE  IdtOCKSS 


Neutron  radiography  is  sini: 
energy  source  rather  than 
was  the  Californium  2f)2  ra 
shielded  container.  Part  <; 
which  are  fast  neutrons  at 
fast  to  thermal  neutron  cnc 
(Only  the  thermal  neutrons  ■ 


d.ii  to  x-radiograj)hy  only  thermal  neutrons  are  the 
■i-ays.  The  source  of  neutrons  used  for  this  work 
1 inactive  isotope.  It  is  housed  in  an  appropriate 
' Hu-  neutrons  emitted  from  the  Californium  252 , 
‘.he  time  of  emission  are  reduced  in  energy  from 
I ly  levels  with  the  aid  of  an  organic  moderator. 

■i  ->  effective  for  this  inspection  process,) 


The  thermal  neutrons  ese.i|)ing  tlirough  the  aperture  of  the  source  shield  impinge 
on  the  sample  creating  a siiadc.w  picture  on  tlie  x-ray  film  behind  the  sample. 


Neutron  Photograp'iiie  Detuciion  Methc 


The  photograpliic  detection  mothod,  most  commonly  used,  employs  the  conven- 
tional x-ray  f:lm  witli  eume,  ii>r  screens.  Since  film  is  essentially  transparent 
to  neutrons,  these  screens  ( invert  the  neutron  image  into  one  which  can  be 
detected  more  readily  l)>  tl  t N-ray  film.  These  converter  materials  are  of  two 
different  types,  polentially  i ..dioactive  materials  and  prompt  emission 
materials. 


The  latter  type,  cliavacteri/ed  liy  gadolinium,  has  little  tendency  to  become 
radioactive,  Imt  ratlvT  emils  iiTadiation  whicii  exposes  tlie  film  immediately  upon 
the  absoi’ption  ol  a neutron.  This  type  of  converter  screen  is  used  for  a direct 
exposure  method  lor  delecting  neuti'on  images.  The  film  and  screen  must  be 
exposed  together  to  get  a neutron  image.  This  direct  exposure  method  is  a re- 
latively fast  detection  l('clmi(|iie.  One  disadvantage,  however,  is  that  the  film 
is  present  to  detect  otlicr  accompanying  radiation,  such  as  gamma  radiation  that 
is  initially  present  from  the  neutron  source  or  a result  of  prompt  reactions 
with  the  piece  being  inspected  by  tlie  neutron  beam.  Since  gamma  radiation  is 
generally  tlie  dominant  one  iircsent,  one  can  fUter  the  initial  beam  so  as  to 
attenuate  tlie  gamma  compoivni  relatively  more  than  the  neutron  component  and 
obtain  a hig!i  neutron  Ui  gamn.a  ratio.  A sheet  of  aluminum  surrounding  the 


film  can  decrease  gamma  fogging  by  this  selective  absorption.  In  addition, 
x-ray  film  more  insensitive  to  gamma  rays  can  be  used. 

The  main  disadvantage  of  the  direct  exposure  technique  (gamma  fogging)  can  be 
overcome  by  using  a detection  method  called  the  transfer  technique.  The  image 
is  detected  on  a potentially  radioactive  screen  which  becomes  radioactive 
proportional  to  the  neutron  intensity  at  each  point  of  the  image,  and  later 
transferred  by  beta  emission  to  the  x-ray  film.  Dysprosium  and  indium  are 
two  materials  commonly  used  for  the  screen  material. 

The  absorption  of  neutrons  by  the  Rene*  95  disk  material  is  quite  different  than 
absorption  by  conventional  x-rays.  Heavy  metals,  like  chromium , nickel  and 
iron  are  rather  transparent  to  neutrons  but  readily  absorb  x-rays.  Light  atoms, 
especially  hydrogen,  have  high  absorption  coefficients  for  neutrons  but  have 
little  effect  on  x-rays.  So  the  value  of  neutron  radiography  must  lie  in  some 
special  absorption  properties. 

It  has  already  been  demonstrated  that  corrosion  products  in  aluminum  aircraft 
structures  are  instrumental  in  identifying  corrosion  cracking.  These  corrosion 
products  absorb  neutrons  illuminating  the  defects.  It  was  hoped  that  similar 
applications  could  be  found  for  disk  alloys. 

PROGRAM  PLAN 

The  P,  D,  S and  C type  samples  described  on  page  5,  were  to  be  used  to 
establish  the  inspection  parameters  with  neutron  radiography.  For  the  cracked 
samples,  increased  detectability  was  planned  by  using  a gadolinium  nitrate 
penitrant  (Gd  (N03)3  . 6H20)  in  back  filling  voids  open  to  the  surface.  The 
neutron  beam  is  attenuated  in  any  material  according  to 

I=le^t 

o 

where  I is  the  radiation  intensity  transmitted  through  the  material  having  a 
thickness  t and  a linear  absorption  coefficient  X , and  I is  the  initial  incident 
radiation  intensity.  Gadolinium  has  one  of  the  highest  absorption  coefficients 
and  hydrogen  is  also  quite  high.  It  was  anticipated  that  cracks  and  other  defects 
open  to  the  surface  would  be  well  illuminated  by  the  gadolinium  salts. 


Following  the  establishment  of  techniques  with  the  aid  of  the  samples  mentioned 
above,  six  T700  disk  bk;:(ks  were  to  be  evaluated  and  results  compared  with  other 
NDE  processes. 

RESULTS 

Initial  attempts  to  inspect  D1  and  D2  indicated  the  intentionally  added  oxide  par- 


tides  were  too  subtle  for  tlie  process.  Similarly,  the  holes  in  PI  could  not  be 
identified.  The  holes  in  S2  wei  e filled  with  gadolinium  nitrate  penetrate  and  the 
sample  evaluated.  The  doped  penitrant  was  effective  in  absorbing  neutrons  as 
illustrated  in  Figure  74  . However,  in  any  regions  that  the  penitrant  did  not 
fill,  the  difference  in  film  density  of  tlie  exposure  was  subtle  and  identified 
primarily  because  of  known  defect  location.  See  arrows  in  Figure  74.  The  holes 
in  S2  are  , 020  inch  in  diameter. 


On  subsequent  evaluation  of  S3,  not  all  holes  were  observed  on  the  films.  Holes 
drilled  in  this  sample  varied  irom  . 007  to  . 030  inch  in  diameter.  See  Figure  . 
Either  the  penitrant  did  not  IjacU  till  all  holes  or  the  smaller  holes  were  too 
subtle  for  tlic  process. 


The  cracked  samples  Cl  and  C2  were  examined  with  very  disappointing  results. 

No  exposure  was  made  witli  a film  density  contrast  in  the  crack  region  sufficient 
to  produce  for  the  report. 


Many  experiments  were  perlormcd  to  improve  sensitivity  of  the  process.  These 
included : 


o Different  film  types,  c.  ,single  and  double  emulsion.  Type  A,  Type  M. 


o Cutting  film  donuts  so  film  could  be  placed  in  direct  contact  with  the  part 
surface  on  T700  flisk  shapes. 


o Use  of  the  transfer  technique  with  Indium  sheet,  to  minimize  gamma  fogging* 


o Use  of  Potter  Bcckcy  grid  to  fUtcr  out  scattered  radiation  from  the  sample 
and  reduce  film  fogging. 


o Computer  aided  density  intensification  of  the  exposed  film. 


With  all  of  this  experimeniation,  no  additional  films  worth  reproducing  were 
made. 


UDNC-LUSIONS 


o Neutron  radiogTaphy  does  not  warrant  further  work  at  this  time  with  regard 
to  rotating  turbine  liardwnrc  NDE, 


o The  capabilities  of  the  process  do  not  warrant  a comparison  or  economic 
analysis  since  tlie  process  fails  to  meet  minimum  requirements  for  NDE 
as  related  to  these  turbine  parts. 


o Even  tlie  use  of  gadolinium  nitrate  was  disappointing,  If  drilled  holes 
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cannot  be  reliably  fille-l  :i!k1  inspected,  there  is  little  hope  of  cracks  ever 
being  relialjly  located  !iy  this  process. 

o As  a side  evaluation,  T70o  siiafts  witli  Viton  seals  were  inspected  at  over- 
haul to  dclorinine  seal  lot. .Lion  and  condition.  Broken  seals  and  seals  that 
had  sliiitc  l location  could  Ijo  readily  evaluated  in  Neutron  radiography  films. 
Thus  it  appears  dial  this  process  can  be  useful  in  inspecting  organic 
0-rings  and  seals  in  .is.-3uinidies. 

No  further  evaluation  was  in  a do  of  this  process. 

COMPTON  SCATTERING  NDi: 

Flaw  Detection  Of  HIP  Matci  nil  \Vith  A Photon-Scattering  Gage  Introduction 

As  previously  mentioned,  i.lic  IRT  effort,  using  neutron  radiography  did  not 
lirove  useful  in  inspecting  HIP  Bene*  95  hardware.  But,  during  the  course  of 
tliis  contract,  another  NTlli  method  was  being  explored  for  an  ordnance  applica- 
tion. The  progress  in  this  ordinance  work  warranted  a modification  of  the  HIP 
effort  at  IRT  to  include  an  evaluation  of  this  new  process.  With  the  very 
limited  time  and  money  left  in  this  contract  effort,  the  planned  evaluation  was 
very  preliminary. 

DESCRIPTION  OF  THE  I'ROCliiSS 

This  radiometric  technique  is  ln.scd  on  a sianple  phy*  ical  principle.  By  measur- 
ing the  scattered  radiation  of  a liigli  energy  source,  the  type,  size,  and  location 
of  defects  in  tlio  specimen  erji  he  identified  with  a high  degree  of  resolution  and 
sensitivity,  oven  in  the  prcstmcc  of  severe  defects  in  other  parts  of  the  ^ecimen. 

Basic  Radkitiou  I’rinciple 

The  photon-<r altering  gauge  utilizes  die  fact  that  gamma  radiation  interacts  with 
the  material  which  it  pa.'.ses  through  by  scattering  a portion  of  the  incident 
beam  away  from  the  incident  direction.  This  lype  of  interaction,  known  as 
Compton  Scattt  ring,  is  :i  well  understood  phenomenon.  As  photons  exceed  about 
200  keV  in  energy',  they  almost  exclusively  interact  with  the  electrons  in  the 
ta^et  material  and  transfer  only  part  of  their  energy  to  the  electron  during  a 
c^lision.  Consem'ation  la\.  s require  that  the  photon  be  deflected  in  a particular 
angle  as  a result  of  tliis  collision.  Energy  loss  and  change  in  direction  are 
unambiguously  correlated.  A small  loss  of  energy  is  associated  with  a small 
angular  deflection;  increasing  energy  loss  corresponds  to  increasing  deflection, 
with  maximum  energy  loss  occurring  when  tlie  photons  are  scattered  180*. 


With  increasing  incident  photon  energy,,  a growing  fraction  of  the  scattered  radi- 
ation falls  in  the  forward  direction,  independent  of  target  material,  while  the 
total  probability  for  the  occurrence  of  Compton  Scattering  depends  on  incident 
photon  energy  and  material  characteristics.  Generally,  photons  in  the  energy 
range  of  200  to  1500  keV  almost  exclusively  interact  by  Compton  Scattering  with 
all  but  the  heaviest  elements.  As  the  incident  energy  exceeds  500  keV,  the  num- 
ber of  scattered  photons  becomes  practically  independent  of  material  composition 
and  depends  only  on  the  mass  or  electron  density  of  the  scattering  target.  In 
other  words,  the  number  of  photons  scattered  from  a unit  volume  element  in 
the  target  depends  only  on  the  density  of  electrons  in  this  volume  element.  We 
shall  see  that  the  number  of  scattered  photons  increases  linearly  with  the  elec- 
tron density  in  the  target  volume  element.  The  energy  source  used  for  this 
work  was  a cobalt  60  isotope.  Note  that,  for  the  turbine  materials  of  interest, 
the  electron  density  is  almost  exactly  proportional  to  the  gross  density  of  the 
particle  being  inspected. 

Smee  scattered  radiation  measurements  seem  to  be  more  definitive  than  incident 
beam  evaluation  on  the  bottom  side  of  the  test  sample,  a technique  for  scattered 
radiation  evaluation  was  developed.  A selected  portion  of  the  scattered  radia- 
tion is  usually  measured  by  a radiation  detector  at  the  end  of  one  or  more  colli- 
mators placed  at  a certain  angle  to  the  incident  beam.  All  collimators  are  fo- 
cused on  the  same  portion  of  the  incident  beam.  The  detected  scattered  radia- 
tion results  from  Compton  interactions  in  the  volume  element  defined  by  the 
intersection  of  the  incident  beam  and  the  detector  collimators.  Consequently, 
the  volume  element  from  which  the  scattered  radiation  originates  appears  to  the 
detector  like  a source  of  radiation  whose  intensity  depends  on  the  amount  of 
material  contained  in  this  inspection  volume  element.  The  introduction  of  a void 
into  the  volume  element  means  a reduction  in  the  amount  of  material  available 
to  scatter  gamma  rays,  and  consequently  results  in  a decrease  in  the  detector 
response.  The  introduction  of  an  oxide  increases  the  electron  density  and  de- 
tector response  over  a void,  but  still  oxides  represent  a significant  drop  in 
electron  density  when  compared  to  the  HIP  Rene*  95  material. 

If  the  inspection  volume  element  is  selected  sufficiently  small  so  as  to  repre- 
sent only  a small  fraction  of  the  entire  sample  volume,  the  detector  response 
becomes  highly  localized,  and  consequently  is  less  subject  to  interference  from 
signals  from  the  rest  of  the  sample.  The  energy  from  the  other  portions  of  the 
sample  is  largely  negated  because  a very  small  fraction  is  aligned  with  the 
detection  collimators.  The  sensitivity  of  the  process  is  governed  by  the  ratio  of 
the  void  size  to  inspection  volume  which  is  defined  by  the  collimators. 


In  the  schematic  representation  of  a photon-scattering  inspection  device  shown 
in  Figure  75,  the  specimen  is  positioned  before  the  source  collimator.  A 
scattering  detector  with  a suitable  collimator  views  the  sample  from  the  side  at 


a selected  angle  to  the  direction  of  the  incident  radiation.  The  90°  angle  chosen 
fo_’  the  schematic  representation  in  Figure  75  is  arbitrary,  and  does  not  imply 
that  it  is  the  optimum  angle  for  a scattering  gauge  in  general,  or  for  this 
application  in  particular.  The  transmisoion  detector  shown  in  Figure  75  repre- 
sents a measuring  location  to  simulate  conventional  x-ray  techniques. 

The  Compton  scattered  radiation,  which  is  measured  by  the  scattering  detector, 
originates  in  the  volume  element  defined  by  the  intersection  of  the  collimator  of 
the  interrogating  gamma-ray  beam  and  the  inspectif<n  aperture  determined  by 
the  collimator  in  front  of  the  detector.  The  entire  volimie  of  the  sample  can  be 
inspected  by  translation  and  rotating  the  sample  with  respect  to  the  incident 
beam/detector  beam  intersection. 

Dei^ector  Response  And  Sensitivity 


In  the  following  discussion  a comparison  is  made  as  to  the  ability  of  two  processes 
to  detect  defects.  In  the  first  process,  quite  comparable  the  conventional 
radiography,  transmitted  energy  is  measured.  It  is  shown  that  an  important 
factor  governing  detection  is  the  ratio  of  defect  thickness  to  the  thickness  of 
the  part  being  inspected.  In  the  second  method,  photon  scattering  is  measured 
The  detection  is  governed  primarily  by  the  ratio  of  the  size  of  defect  compared 
to  the  size  of  tiie  sample  defined  by  the  intersection  of  the  source  and  detection 
collimators.  Scattering  from  other  regions  of  the  sample  have  only  minor 
effects. 
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In  order  to  understand  the  characteristics  of  the  photon-scattering  gauge  in  some 
detail,  we  shall  now  develop  a general  analytical  formalism  of  radiometric 
techniques  which  allows  a quantitative  evaluation  to  be  made.  It  is  convenient 
to  use  the  standard  transmission  technique  (conventional  radiography)  as  a point 
of  comparison,  since  it  is  easily  understood  and  forms  the  basis  for  the  well- 
known  radiographic  method.  In  this  elementary  treatment  we  neglect  the  effects 
of  small-angle  scattering  of  the  beam  and  of  contributions  from  multiple 
scattering  in  material  surrounding  the  beam. 

Transmission  Gauge  (Comparable  to  conventional  radic . graphic  techniques).  See 
Figure  75 . The  energy  measured  by  this  gauge  is  that  energy  measured  by 
normal  transmission  radiography  using  the  detector  ra'  her  than  film.  Referring 
to  the  arrangement  in  Figure  75  , we  can  write  the  re  sponse  of  the  transmission 
detector  as  follows: 

= I e -'"’^2 
T o 

where 
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lo  = incident  gamma-ray  flux  the  source; 

H P = total  gamma-ray  attenuation  coefficient  for  the  material  of 

the  specime  n expressed  for  convenience  as  the  product  of  the 
dei^ity  (p)  and  the  mass  absorption  coefficient  (p)  with  units 
cm  /g; 

X = material  thiclmess  as  illustrated  in  Figure  . 

u 

We  are  interested  in  knowing  the  sensitivity  of  the  response  R_  to  imperfections 
ia  the  material  represented  by  changes  in  X . These  could,  for  example,  con- 

sist  of  small  voids  which  effectively  cause  decreases  in  this  quantity.  The 
fractional  change  of  Eq.  1 can  be  expressed  as; 
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(2) 


Equation  (2)  is  derived  by  differentiating  equation  (1) , dividing  it  by  equation 
(1)  and  multiplying  right  side  by  X , 


The  left-hand  side  of  this  equation  is  the  fractional  change  in  the  transmission 
response,  and  the  right-hand  side  shows  how  this  is  related  to  changes  in  path 
length  through  the  specimen. 

That  is,  for  a defect  of  width  W,  in  the  material, 
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The  most  importar.t  generalization  in  the  above  analysis  of  the  transmission 
response  lies  in  the  observation  that  the  change  in  response  is  proportional  to 
the  ratio  of  the  size  of  the  imperfection  to  the  thickness  of  the  specimen.  We 
shall  have  an  occasion  to  return  to  this  concept  after  looking  at  the  analysis  of 
the  photon-scattering  technique  for  gauging. 


Scattering  Gauge.  W ith  the  background  provided  by  the  previous  discussion,  we 
can  proceed  directly  into  an  analysis  of  the  photon-scattering  gauge.  Again  re- 
ferring to  Figure  75,  we  can  write  the  scattering  response,  R , by  stepping 
through  the  sequence  of  interactions  which  occur.  The  scatte^g  detector 
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views  a small  volume  at  a position  Xj^  from  the  inner  surface  of  tliis  casing. 

Thus,  for  the  assumed  ideal  conditions, ‘the  ^innut-rays  which  reach  this  point 
are  given  by: 

-ppx, 

' ' 'o'  (4) 

At  the  inspection  point  X , scattering  events  occur  in  the  inspection  volume  V^, 
and  those  which  scatter  into  the  direction  of  the  detector  can  be  written  as 

IV.pjy^Anf(e)  (5) 

where  I is  from  Eq,  4,  A il  is  the  solid  angle  subtended  by  the  detector  at  the 

scattering  volume,  and  f (0)  is  an  angular  distribution  function  which  expresses 
the  distribution  of  Compton-scattered  photons.  We  use  p.  and  to  represent 
the  values  of  those  parameters  averaged  over  the  inspection  voliune  V^. 

The  photons  which  scatter  in  the  inspection  volume  and  are  degraded  in  energy 
according  to  the  law  of  Compton  scattering,  suffer  an  attenuation  in  reaching  the 
detector,  which  is  given  by: 

(6) 

where  the  primed  mass  absorption  coefficient  indicates  that  the  scattered  gamma 
rays  have  a lower  energy  than  the  incident  gammy  rays,  and  the  overall 
scattering  response  is  just  the  combination  of  the  above  three  relations, 

-ppX  -y'pY. 

Rg  = I^V.p.p.An(e)  e ^ e ^ (7) 

Now,  follow!  ng  the  same  procedure  as  before  to  find  the  sensitivity  of  the 
scattering  response  to  defects  in  the  various  parameters,  we  obtain  the  frac- 
tional response  change; 
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Equation  8 is  the  scattering  analog  of  Eq.  2^  and  can  be  seen  to  have  four  terms 
which  are  similar  to  those  of  Eq.  2.  These  terms  originate  from  the  transmission 
processes  which  are  part  of  the  photon-scattering  method,  and  affect  the  scattering 
response  In  the  same  manner  as  discussed  above.  In  particular,  their  effect  on 
the  scattering  response  depends  on  the  ratio  of  the  defect  size  (5X^  or  SY  ) to 
the  oath  length  through  the  material.  We  shall  concentrate  our  attention  on  the 
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first  two  terms  of  Eq.  8,  which  express  the  effect  of  changes  in  average  density 
gnri  composition  of  the  inspection  volume  V 


a. 


This  term  refers  specifically  to  changes  in  atomic  composition  of  the  in- 
spection volume,  the  most  common  occurrence  being  an  inclusion  of  some 
foreign  substance.  This  term  has  a negligible  effect  on  the  scattering 
response  for  any  inclusion  with  atomic  number  less  than  tin  (Sn),  and  rises 
to  an  effect  of  about  10%  for  lead  (Pb)  for  1. 0-MeV  gamma  rays. 


b. 


This  term  refers  to  density  changes  due  either  to  voids  or  inclusions.  In 
the  case  of  inclusions,  these  wUl  typically  be  lower  in  density  than  the 
surrounding  material. 


The  most  illuminating  ejEimple  of  the  photon-scattering  technique  is  the  case  of 
a small  defect.  If  the  inspection  voliune  is  V.  and  the  defect  volume  is  V^,  the 
combining  effect  of  the  first  two  terms  gives  fee  general  result. 
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In  the  special  case  of  a small  void  in  the  material,  we  obtain; 
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which  says  that  the  fractional  change  in  response  is  just  equal  to  the  ratio  of 
the  defect  volume  to  the  inspection  volume . This  is  a very  important  result, 
since  it  provides  a concise  proof  of  the  superiority  of  the  sensitivity  of  the 
photon- scattering  technique  over  the  transmission  techniques.  Simply  stated, 
since  the  change  in  the  transmission  response  is  proportional  to  the  ratio  of  the 
defect  size  to  the  total  thickness  of  the  specimen  (i,  e. , Eq,  3),  the  above 
result  shows  that  the  scattering  technique  is  more  sensitive  than  the  transmission 
technique  by  a factor  approximately  equal  to  the  ratio  of  the  size  thickness  of  the 
specimen  to  the  length  of  the  inspection  volume  V^.  This  can  be  a very  lar^e 
factor  indeed. 


CONCEPTUAL  DESCRIPTION  OF  TECHNIQUE  IMPLEMENTATION 
Conceptually,  a complete  scan  of  the  part  is  accomplished  by  rotating  it  about 
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an  appropriate  axis,  translating  it  along  a line  parallel  to  the  interrogating  beam 
such  that  the  scattering  detector  scans  it  from  the  OD  to  the  center,  and  moving 
it  up  or  down.  The  volume  inspected  during  one  revolution  is  a concentric 
annular  ring  with  a cross-sectional  area  equal  to  that  of  the  inspection  volume 
element.  The  data  are  recorded  as  the  number  of  gamma  rays  which  are 
scattered  into  the  detector  from  each  inspection  volume  element  in  this  annular 
ring,  along  with  the  three-dimensional  information  defining  the  location  of  that 
inspection  volume  element,  viz. , the  angular  location  of  the  volxune  element, 
its  radial  distance  from  the  center  (or  detector  columnator  position,  and  its 
vertical  distance  from  a reference  point  at  the  base  of  the  shell. 

After  one  complete  revolution,  the  part  is  moved  horizontally  by  a discrete 
amount,  depending  on  the  size  of  the  inspection  volume  element,  and  the  process 
is  repeated  to  scan  another  annular  region  at  a different  radius.  The  part  is 
stepped  in  incremental  amounts  with  each  revolution,  until  the  entire  distance 
from  OD  to  center  has  been  traversed.  At  this  point,  the  inspection  of  a thin 
disc  whose  thickness  corresponds  to  the  height  of  the  inspection  volume  element 
is  complete,  and  data  from  every  volume  element  making  up  this  slice  is 
.recorded,  along  with  the  three-dimensional  position  information.  Next,  the  part 
is  moved  vertically  by  an  amount  corresponding  to  the  height  of  the  inspection 
volume  element,  and  inspection  of  the  adjacent  disc  begins. 

The  three-dimensional  data  array  is  subsequently  analyzed  for  variations  in  the 
number  of  coxmts  per  data  point  that  may  indicate  statistically  meaningful 
deviations  of  material  density  as  a result  of  defects.  These  deviations  are 
then  quantitatively  analyzed  for  their  magnitude,  and  correlated  with  statistically 
si^ificant  deviations  in  neighboring  data  points  to  define  the  size,  shape,  and 
orientation  of  the  defects. 

The  photon-  scattering  gauge  is  thus  seen  to  be  an  inspection  device  which 
provides  a high-resolution,  three-dimensional  scan  profile  of  the  entire  part. 

It  performs  a differential  measurement  which,  with  an  appropriately  small 
inspection  voliune  element,  not  only  identifies  the  presence  of  discontinuities 
(such  as  voids,  cracks,  and  inclusions),  but  also  provides  data  about  their  size, 
three-dimensional  location  and  orientetion. 

Experimental  Arrangement 

IRT  assembled  a conceptual  model  of  the  scattering  gauge  to  demonstrate  the 
capability  of  the  photon-scattering  technique. 

In  Figure  76  is  shown  in  a schematic  representation  of  a photon  scattering  rig. 
It  consists  of  four  major  sub-assemblies;  the  G»v.  *60  isotopic  source  with  shield 
and  collimator,  the  photon-scattering  detector  with  associated  shield  and 
collimator,  the 
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associated  electronic  data  acquisition  instrumentation,  and  the  mechanical 
scanning  device  allowing  inspection  of  the  entire  volume  of  the  specimen. 


Isotopic  Source  Assemblv 


Co  is  an  isotopic  source  widely  utilized  in  industrial  and  medical  applications 
as  a gamma-ray  emitter  because  of  a number  of  favorable  characteristics. 

Every  disintegration  results  in  the  emission  of  two  energetic  gamma  rays  at 
1170  and  1332  keV.  Its  half-life  is  relatively  long  at  5. 24  years,  resulting  in 
a theoretical  specific  activity  of  818  Ci/g  (curies  per  gram).  High  intensity 
teletherapy  sources  with  specific  activities  of  up  to  400  Ci/g  are  commercially 
available  (about  50%  of  theoretical  maximum  intensity). 


Source  Collimator 


The  source  is  surrounded  by  a thick  lead  shield  in  which  is  placed  a small  hole 
that  acts  as  a collimator.  The  efficiency  of  the  collimator  in  eliminating 
unwanted  diffused  radiation  is  increased  by  increased  length  of  tiie  collimator. 
Since  radiation  passing  through  a given  diameter  hole  varies  as  the  square  of  the 
distance  of  that  hole  from  the  source,  collimators  should  be  near  sources. 

Using  similar  reasoning,  the  part  being  injected  should  be  as  close  as  possible 
to  the  source  collimator  and  the  interrogating  collimators  should  also  be  as  close 
as  possible.  The  interrogating  collimators  should  be  numerous,  small  in 
diameter  and  cover  as  much  of  the  spherical  envelop  around  the  inspection 
volume  as  practical.  All  of  these  factors  should  be  optimized  for  the  particular 
size  and  shape  being  inspected  for  maximum  cost  effectiveness. 


Photon  - Scattering  Detector 


The  photon- scattering  detector  consists  of  a Nal  (TI)  scintillation  detector,  a 
collimator,  and  a cylindrical  lead  shield,  as  shown  in  Figure  , All  components 
are  arranged  axial  to  the  axis  of  the  detector.  The  axis  of  the  detector  assembly 
was  placed  at  a 45®  angle  relative  to  the  direction  of  the  source  beam  for  this 
particular  experiment. 


Sample  Scanning  Device 


The  time  and  funds  available  did  not  permit  a construction  of  an  optimum  sample 
manipulator.  Rather  a simple  saddle  was  constructed  with  provisions  for  rota- 
tion and  translation  of  the  sample  with  relation  to  the  focal  point  of  the  scat- 
tering detector.  Inspection  involves  rotation  and  translation  of  the  sample  so 
that  all  volume  elements  pass  through  the  focus  of  the  system.  This  is  to  be 
done  rapidly  and  automatically.  When  manipulating  by  hand,  the  accuracy  of 
sample  movement  is  degradated  and  times  for  inspection  are  sacrificed. 


Thus  for  the  evaluation  of  the  holes  in  sample  S3,  only  the  inspection  of  hole 
#10  represented  near  optimum  orientation  of  detector  focus  and  hole  location, 

A total  of  E holes  were  examined  on  sample  S3.  These  were  numbers  1,  5,  6, 
10,  12,  14,  17,  26,  29,  30  and  32. 

Inspection  Procedures 

The  response  to  each  hole  was  measured  by  following  the  same  basic  sequence 
of  steps.  First,  the  sample  was  placed  on  its  side  on  the  saddle  shaped  holding 
fixture  described  earlier.  Secondly,  a determination  was  made  of  a suitable 
angle  of  the  sample  relative  to  the  radiation  beam.  Thirdly,  the  horizontal  and 
vertical  positions  of  the  sample  relative  to  the  beam  and  focal  point  were  se- 
lected such  that  the  focal  point  fell  directly  at  the  location  of  the  hole.  Finally, 
five  one-minute  counting  periods  were  conducted  at  this  location  as  well  as  at 
locations  to  the  left  and  right  of  the  hole,  rotating  the  sample  on  its  stand, 
TypicaUy,  the  stepwise  rotational  motion  was  performed  in  steps  registering 
1/8  inch  on  the  circumference  of  the  sample. 

This  process  was  rather  time  consuming  since  it  frequentiy  involved  several 
trial  rims  to  find  a reasonably  suitable  sample  orientation  for  the  inspection  of 
a particular  hole.  This  somewhat  cumbersome  procedure  was  necessary  only 
because  the  geometry  of  the  existing  Photon  Scattering  Gauge,  which  has  been 
taEored  for  a different  inspection  task,  did  not  provide  for  eEicient  placement 
and  inspection  of  the  sample  which  would  have  required  placing  the  sample 
either  horizontally  or  vertically  on  a motor  driven  shaft  to  permit  a more  auto- 
mated scan  procedure  than  the  one  improvised  for  this  study.  As  it  was,  the 
scanning  operation  had  to  be  completely  conducted  by  hand  with  the  experimenter 
manually  setting  the  sample  for  each  data  point, 

Asa  result  of  time  limitations  not  all  holes  could  be  scanned  with  the  same 
thorough  pre-scan  positioning  preparations.  Instead,  special  attention  was 
paid  to  holes  5 and  10.  WhEe  a series  of  three  measurements  for  hole  5 was 
made  to  demonstrate  how  the  technique  provides  imambiguous  data  about  the 
size  of  a hole,  a special  effort  was  expended  on  hole  10  to  place  the  sample  re- 
lative to  the  beam  in  such  a way  that  the  focal  point  truly  fell  on  the  defect  as 
the  sample  was  scanned,  thereby  maximizing  the  response.  Therefore,  only 
hole  10  can  be  used  for  quantitative  statements  about  the  resolution  capabEities 
of  the  system.  The  remaining  measurements  primarEy  serve  to  demonstrate 
that  defects  are  discernible  over  the  range  of  dEferent  sizes  and  locations. 


It  should  be  noted  that  any  of  tliese  positioning  considerations  only  apply  in  tliis 
special  case  of  a feasibility  study  with  equipment  designed  to  address  only  the 
basic  measurement  parameters  and  not  any  operational  aspects.  Importantly, 
in  a gauge  designed  for  routine  inspection  of  certain  components,  a motorized 
scan  control  system  would  conduct  a full  scan  sequence,  automatically  posi- 
tioning every  volume  element  of  the  sample  to  the  inspection  point.  There 
would  be  no  need  for  searching  for  the  best  orientation  of  defining  the  presence 
of  a defect  with  the  least  number  of  data  points,  as  was  tlie  case  in  this  study. 
The  complete  data  set  would  automatically  contain  complete  information,  witliin 
system  resolution  limits,  about  any  defect  in  the  part. 

Inspection  Results 

The  inspection  results  are  shown  in  Figures  77through  80.  For  each  hole, 
the  response  is  displayed  as  the  average  number  of  counts  per  minute  from  the 
total  of  five  one-minute  runs,  as  a function  of  the  position  of  the  focal  point 
relative  to  the  hole.  The  data  points  reflect  the  total  number  of  detector  counts 
per  minute  at  each  position  of  the  inspection  volume  element,  without  any  correc- 
tion for  contributions  from  background  or  secondary  scattering  radiations. 

Even  though  such  a correction  would  increase  the  magnitude  of  the  fractional  re- 
sponse deflection  due  to  a hole,  it  would  not  in  any  way  improve  the  statistical 
precision  of  the  measured  deflection.  In  other  words,  if  tlic  magnitude  of  the 
deflection  is  expressed  in  terms  of  the  number  of  standard  deviations  of  tlie  data 
points,  there  is  no  improvement  for  the  case  of  the  corrected  net  response. 

Also  displayed  witli  the  response  to  each  hole  is  a scliematic  representation  of 
the  sample  orientation  selected  for  the  measurement. 

Studying  the  gauge  response  to  each  hole  in  some  detail,  it  is  apparent  from 
Figure  tliat  tlie  presence  of  hole  1 is  clearly  discernible.  The  pronounced 
slope  in  the  non-defect  part  of  the  response  is  thought  to  bo  due  to  the  fact  that 
sample  S3  was  not  rotated  in  a regular  manner  with  relation  to  tlie  beam.  The 
resulting  effect  on  the  measurement  was  tliat  the  upper  edge  of  the  sample  ex- 
perienced a slight  vertical  displacement  as  the  sample  was  rotated.  This  verti- 
cal change  caused  a slight  variation  to  take  place  in  the  length  of  travel  through 
the  sample  of  the  exiting  beam  on  its  way  to  the  detector.  This,  in  turn,  resul- 
ted in  a change  of  absorption  experienced  by  the  exiting  beam.  The  fact  remains, 
however,  tliat  despite  tliis  change  in  sample  position  tlie  hole  is  clearly  discerni- 
ble as  a higlily  localized  response  deflection. 
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The  response  to  hole  6 is  quite  pronounced.  It  also  shows  the  edge  deflection 
effect  seen  in  the  case  of  hole  1. 

Hole  10  provides  a clear  example  of  how  well  the  response  to  the  holes  can  be 
defined  if  the  data  is  taken  in  such  a manner  that  the  inspection  point  is  moved 
right  through  the  hole.  As  stated  earlier,  considerable  effort  was  expended 
under  the  constraints  imposed  by  the  available  equipment  to  optimize  the  re- 
sponse to  hole  10.  Since  hole  10  is  of  the  same  size  relative  to  tlie  inspection 
volume  element  as  holes  1 and  5,  the  response  of  the  latter  could  be  optimized 
to  tiie  same  magnitude  of  deflection. 

The  response  to  hole  12  was  not  optimized  since  it  was  nearly  impossible  to 
physically  locate  the  sample  within  the  geometric  system  confines  in  an  appro- 
priate measurement  position. 

The  responses  to  the  remaining  holes,  14,  17,  26,  29,  30,  and  32,  all  clearly 
show  the  presence  of  the  hole.  They  are  usually  also  subject  to  the  edge  effect. 

DISCUSSION  or  RESULTS 

All  holes  are  clearly  discernible  in  Uie  gauge  I’esponse.  The  smallest  hole  in- 
spected is  14  witli  a clearly  recognizable  response  deflection.  It  has  about  1/3 
the  volume  of  12  but  was  measured  with  a stronger  response.  This  is  further 
evidence  of  the  fact  that  tlic  sample  could  not  be  properly  positioned  for  the  scan 
of  12. 


The  response  to  hole  5 was  measured  in  three  different  places;  0.25  inch,  0.375 
inch  and  0,500  inch  from  tlie  surface.  As  expected,  there  is  no  noticeable 
difference  between  the  first  two  responses  since  the  hole  clearly  extends  tlirough 
tlie  inspection  volume  element  in  both  cases.  In  the  third  case,  however,  the 
response  deflection  is  greatly  reduced,  indicating  that  tlie  inspection  point  is  near 
the  end  of  the  hole.  Since  tlie  coordinates  for  any  inspection  point  are  imiquely 
defined  with  production  inspection  procedures,  the  latter  measurement  pinpoints 
the  location  of  the  bottom  of  the  hole.  In  a complete  scan,  in  which  data  for  the 
entire  sample  is  available,  tlie  size,  direction,  and  location  of  any  defect  are 
thus  defined. 


( I 


From  a quantitative  point  of  view  tlie  response  of  hole  10  is  analyzed  since  this  is 
the  only  response  which  is  close  to  demonstrating  tlie  true  potential  of  the  tech- 
nique. Hole  10  was  selected  on  a completely  random  basis.  There  are  no  geo- 
metric considerations  favoring  it  over  any  of  the  other  defects,  except  12.  The 
measured,  uncorrected  rtisponso  of  10  shows  a deflection  of  2. 2%,  corresponding 
to  15  standard  deviations,  comparing  very  favorably  to  tlie  tiieoretical  prediction 
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of  5%  based  on  the  ratio  of  void  to  inspection  volumes.  This  demonstxates  that 
the  total  response  is  not  overly  affected  by  background  and  secondary  effects, 
thus  easily  lending  itself  to  parametric  projection.  It  also  indicates  that  a 0. 6% 
deflection  would  be  clearly  discernible  as  a 4-sigma  deviation  from  the  average 
response.  It  would  correspond  to  a hole  with  a 0, 016  inch  diameter  and  a 
length  of  at  least  0.125  inch.  Yet  hole  14  is  only  , 007  in  diameter  and  yields  a 
solid  defect  indication. 

If  even  smaller  holes  are  to  be  detected  the  inspection  volume  element  must  be 
reduced  in  size.  For  example,  a halving  of  the  lengtli,  width,  and  height  of  the 
inspection  volume  element  would  result  in  a volume  reduction  by  a factor  8, 
which  translates  into  an  increase  in  resolution  capability  by  a factor  8.  In  other 
words,  continuing  the  discussion  of  the  previous  paragraph,  a hole  with  half  the 
volume  of  hole  14  would  require  a smaller  inspection  volume  for  reliable  identi- 
fication. 

It  would  be  feasible  to  reduce  the  volume  size  of  the  inspection  volume  element 
by  another  factor  4 to  8,  increasing  resolution  capability  by  roughly  the  same 
amount.  Whether  further  reduction  could  be  realized  is  not  quite  certain  at 
this  time.  A study  would  have  to  determine  if  secondary  scattering  effects  did 
not  tend  to  put  a practical  lower  limit  to  the  amount  of  resolution  that  could  be 
achieved.  Such  an  improvement  in  resolution  would  of  course  result  in  a 
commensurate  increase  in  the  number  of  data  points  that  describe  a given 
sample  and,  therefore,  an  increase  in  inspection  time.  The  latter  can  be  com- 
pensated to  a degree  by  the  selection  of  more  intense  radiation  sources. 

The  Photon  Scattering  Gauge  results  clearly  indicate  the  power  of  this  technique. 
The  defects  are  discernible  roughly  within  the  theoretical  prediction  and  a 
parametric  projection  showed  that  the  resolution  can  be  improved. 

To  furtlier  explore  the  feasibility  of  the  projected  resolution  improvement  it  is 
important  to  consider  coimt  rates  and  inspection  times.  A detailed  quantitative 
parametric  analysis  in  report  INTEL-RT  6115-001,  prepared  under  contract  g 
DAAG46-76-C-0019  for  the  U,  S,  Army  Matc:rialp  and  Mechanics  Research  Center  , 
demonstrated  that  the  feasibility  demonstration  unit  could  be  projected  into  an 
optimized  gauge  with  a total  detector  improvement  factor  of  1, 5 x 10^,  In  other 
words,  the  improved  system  would  have  a total  combined  count  rate  from  an 
improved  detector  arrangement  which  was  estimated  to  be  1, 5 x 10^  higher  than 
the  one  achieved  with  the  testbed.  A further  improvement  of  a "factor  2, 4,  as 
described  in  the  above  report,  is  achieved  by  suitable  three-dimensional  data 
smoothing  which  improves  the  statistical  significance  of  the  data.  The  proprietary 
discussion  related  to  the  improvement  Riutors  is  given  in  appendix  iii.  In  order 
to  provide  a quantitative  framework  for  a projection  of  the  potential  of  the  Photon 
Scattering  Gauge  for  the  flaw  inspection  of  HIP  components,  it  was  assximed 
5 - See  Bibliography 


that  the  model  miderlying  the  referenced  projection  identically  applies  to  this 
case.  This  assumption  should  be  reasonable  since  the  referenced  system  has 
been  used  for  measurements  on  a HIP  sample.  However,  the  space  require- 
ments of  the  HIP  samples  might  be  quite  different  from  those  of  the  105  mm  pro- 
jectile sample  used  for  the  referenced  report. 

The  combined  improvement  factor  of  2, 4 x 1, 5 x 10^  = 3, 6 x 10^  means  that  the 
total  scan  time  of  5 minutes  for  the  inspection  of  each  hole  would  be  reduced 
to  8,3  milliseconds.  As  mentioned  earlier,  the  size  of  the  inspecUon  volume 
element  for  these  measurements  was  0, 002  cubic  inch,  resulting  in  an  estimated 
50, 000  data  points  for  a complete  scan  of  a T700  disk  with  about  100  cubic  inches 
of  material.  With  a measurement  time  of  8, 3 milliseconds  per  data  point  a 
total  scan  time  of  6, 9 minutes  would  result. 

If  this  hypothetical,  improved  system,  which  would  have  resolution  characteris- 
tics identical  to  the  ones  applying  to  the  test  measurements,  were  altered  by 
reducing  the  size  of  the  inspection  volume  element  by  a factor  4 and  keeping 
ail  other  parameters  unchanged,  the  following  measurement  time  projection  re  - 
suits, 

a)  A reduction  of  the  inspection  volume  element  by  a factor  4 results 
in  4 times  as  many  inspection  points.  The  total  inspection  time 
becomes  4 times  longer. 

b)  In  order  to  reduce  the  size  of  the  inspection  volume  element,  the 
collimator  dimensions  have  to  be  altered.  This  results  in  a total 
estimated  effect  of  a decrease  of  the  available  count  rate  by  a fac- 
tor 4, 

The  total  penalty  is  thus  a factor  of  4 x 4 = 16,  This  means  that  the  total  in- 
spection time  will  grow  from  6,9  minutes  to  1, 8 hours. 

In  such  an  optimization,  use  would  be  made  of  the  fact  that  a HIP  sample 
similar  to  S3  is  of  rather  compact  size  and  shape.  An  S3  type  sample  could 
practically  be  surrounded  by  a collimator-detector  arrangement  for  about  one 
half  of  the  available  sphere  of  scattered  photons  atid  this  half  in  the  more  for- 
ward direction. 

It  is  important  to  note  that  a system  optimized  for  the  inspection  of  HIP  samples 
would  more  fully  utilize  the  source  radiation  than  the  present  system  by  placing 
one  inspection  station  on  either  side  of  the  source,,  rather  than  just  on  one.  This 
factor  was  not  included  in  the  above  projection.  In  other  words,  in  terms  of  the 
most  expensive  component  of  a photon  scattering  gauge,  the  intense  radiation 
source,  another  factor  of  two  improvement  is  realized.  Further  improvements 
may  well  be  realized  if  maxinium  advantage  is  taken  of  the  geometric  char- 


acteristics  of  HIP  samples. 

On  the  basis  o£  the  positive  results  of  the  measurements  conducted  under  the 
subject  report  and  the  fact  that  a quantitative,  parametric  projection  to  an 
optimized  inspection  system  for  HIP  samples  indicates  that  such  a system 
appears  to  be  feasible  from  a technical  point  of  view,  it  is  recommended  that 
such  a system  be  developed  as  a fully  automated  high  resolution  inspection 
device.  The  photon  scattering  technique  naturally  lends  itself  to  automation 
since  it  routinely  provides  a data  set  in  which  the  density  of  every  inspection 
point  is  imiquely  correlated  with  its  three  dimensional  coordinates.  Thus, 
the  data  analysis  needs  to  be  merely  concerned  with  a direct  evaluation  of  the 
density  data  and  not  with  a sophisticated  tomographic  type  analysis  as  required 
for  all  conventional  transmission  type  inspection  techniques. 
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RADIOGRAPHIC  TOMOGRAPHY 
Introduction 

Radiographic  tomography  was  evaluated  as  an  NDE  process  for  rotating  turbine 
hardware  and  was  found  to  offer  no  promise.  The  process  and  brief  experimen- 
tation is  described  below. 

The  "Dynatome"  System  for  continuous  dynamic  X-ray  film  tomography  was 
created  by  CFG  Products,  Inc.  and  is  marketed  through  Medicom  for  medical 
and  industrial  applications.  While  applications  engineering  for  medical  uses  is 
essentially  complete,  the  engineering  for  industrial  uses  has  just  begun.  Pri- 
mary technical  problems  being  solved  center  around  the  wide  range  of  X-ray 
absorptions  involved  and  the  special  high  resolution  sought  from  industrial  X-ray 
films.  This  project  is  a small  effort  to  focus  specific  engineering  studies  on  the 
tomographic  imaging  of  reference  holes  or  oxide  inclusions  contained  in  thick- 
section  Rene'  95  powder  metallurgy  T700  engine  disks. 


Description  Of  The  Process 


"Tomo"  means  "thin  slice"  and  for  X-ray  film  imaging  purposes  this  refers  to 
a thin  plane  of  focus  or  image  "slice"  orthogonal  to  the  path  direction  of  X-ray 
beam  travel.  * "Dynatome"  dynamic  tomography  uses  silver  halide  emulsion 
film  as  the  image  producing  medium  and  the  geometrical/mechanical  manipula- 
tion of  three  subsystems;  exposure  table,  film  parallelogram  trimmer,  "and  fRnn- 
sliding  viewer.  Figures  81 , 82,  and  83.  The  observer  is  able  to  operate  the 
film  viewer  to  see  the  entire  three-dimensional  volume  of  the  object  radiographed. 


The  three-dimensional  image  effect  is  obtained  by  taking  a series  of  X-ray  expo- 
sures at  a number  of  angles  as  illustrated  in  Figure  81  . These  angles  are  selec- 
ted by  the  radiographer  to  best  accomplish  the  image  presentation  on  the  set  of 
films  taking  into  account  section  thicknesses,  regions  of  interest,  materials,  and 
absorption  coefficients.  The  focal  spot  of  the  X-ray  generator  must  travel  para- 
llel to  the  film  plane  as  each  angle  is  set  (not  in  an  arc).  Two  vertical  markers 
(dots)  and  a straight  line  marker  provide  the  geometrical  alignment  information 
directly  in  the  film  image  of  each  exposure. 


Each  filin  is  trimmed  to  a parallelogram  shape  in  the  Dynatome  trimming  unit, 
Figure  82,  The  two  vertical  markers  and  the  straight  line  are  aligned  with 
medianical  guides  moved  by  the  operator.  This  step  establishes  the  proper  angle 

*Note:  Not  to  be  confused  with  "computer  tomography"  used  in  medicine  where 

tlie  X-ray  beam  is  scaimed  around  the  head,  and  the  image  produced  is  a sec- 
tion view  of  the  brain  parallel  to  the  X-ray  beam  travel  path. 
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Sliding  Table 


X-Ray  Machine 


1 2 3 4 5 (5  7 8 !)  10 


Vertical 

Markers 


•Tube  Head  Positions 


Direction  Line 
Marker 


T700  Disk 


Film  Casette 


Figure  81:  Exposure  Taljle  And  Schematic  Of  Multiple  Exposures 

For  Tomography 


and  spacing  of  the  film  cutters.  Vacuum  holds  the  film  on  a small  pedestal 
while  two  stages  of  cutter  wheels  trim  opposing  edges.  The  film  edge  angles 
are  proportionally  related  to  the  tul)chead  exposure  angles,  thereby  building  the 
necessary  geometrical  information  directly  into  each  film. 

The  parallelogram  shaped  films,  thus  produced,  are  stacked  together  and  placed 
between  the  straight  vertical  edge  guides  and  movable  horizontal  fingers  of  the 
Dynatome  viewer,  Figure  83 . By  moving  the  dial-controlled  fingers  left  or 
right,  the  operator  can  move  the  apparent  focal  plane  image  smoothly  through  the 
entire  volume  of  the  object  radiographed.  The  sequential  order  of  each  film  in  a 
film  stack  is  of  no  general  consequence,  and  the  stack  is  usually  assembled  quite 
arbitrarily.  Where  helpful  in  viewing,  one  or  more  films  may  be  removed  from 
the  stack. 


X-Ray  Exposure  Conditions 

Exposure  conditions  for  industrial  tomography  applications  thus  far  have  been 
empirically  obtained  by  referencing  all  images  to  results  on  Kodak  single- 
emulsion R industrial  X-ray  film,  using  normal  exposure  procedures  and  film 
densities.  Once  satisfactory  conditions  have  been  established,  rule-of-thumb 
ratios  are  used  to  set  an  appropriato  exposure  time  for  each  film  in  a tomographic 
set  using  lithographic  film. 

Images  ui  these  films  result  from  ilio  interactions  of  X-rays,  Inch  pass  tlii  ough 
the  engine  part,  with  the  silver  halide  salts  in  the  film  emulsion.  Auxiliary 
intensifiers  such  as  lead  foil  "screens"  aid  in  this  process.  The  amount  of  X- 
rays,  measured  in  Rj\DS,  to  create  a given  fUm  density  (darkness)  is  the  ex- 
posure, and  the  actual  quantity  is  also  a fimction  of  the  X-ray  spectrum  of 
energies  actually  hitting  the  film.  In  general,  for  a narrow  range  of  exposure 
conditions,  the  "Exposure"  is  expressed  as  follows; 


Exposure 
or  more  exactly: 

Exposure 


logp  (milliamps  * time) 


logy  (i-adiation  intensity  * time) 


This  X-ray  exposure  is  usually  plotted  versus  optical  density  for  a given  film 
designation  and  associated  image  development  chemistry  schedule. 
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11,34  grams/CM^ 
8.1926  grams/  CM^ 

using  the  relationship: 

‘^lead  =/  ^ H95  ) ^ R95 
V Lead  ' 

^lead=  (1.465A0.7)  (1.25) 


LEAD  /i  = 10.7  CM  1 = 

RENE»  95  \^  = 1.465  CM~1  1 = 


d 


lead  = .171  inch 


A 1/8  inch  thick  sheet  of  lead  was  placed  over  the  travel  line  and  the  lower 
marker.  This  proved  satisfactory  for  marker  imaging. 

A study  was  conducted  to  learn  an  effective  means  for  adjusting  exposure 
conditions  from  one  shot  to  the  next  in  the  technique  evolution  process.  Starter 
exposures  at  D =.2  operate  on  the  high  slope  (gamma)  portion  of  the  film  curve 
above  the  "knee".  Tomogiaphic  exposures  at  D = 0. 2 operate  on  the  low  slope 
portion  below  the  knee.  However,  the  majority  of  gray  tones  occur  across  the 
knee.  The  distinctly  different  curves  for  industrial  X-ray  film  further  com- 
plicated the  analysis. 


Considerable  development  trial-and-error  effort  was  expended  relating  single . 
-R  film  exposure  times  at  310KV,  lOMA  foi  D = 2 (Time  = 8 minutes)  and 
MP4557  tomographic  exposures  at  D « 0, 2 processed  through  DuPont  42G  ma- 
chine chemicals  at  4 inches  per  minute.  Once  this  exposure  time  range  had 
been  bracketed  (Time  = 1 to  6 minutes),  the  calculation  of  refined  time  settings 
was  begun.  First  trial  used  the  simple  ratio  of  the  gamma  cuarve  expression. 

Di  = In  (Time  1 1 

D2  In  (Time  2) 


■Si 


which  gave  obviously  long  exposure  times  for  reasonably  small  changes  in  den- 
sity. The  second  trial  used  an  empirical,  straight-line  approach  where  film- 
base  density  (Dq)  was  accounted  for: 

Di  - Dq  _ Time  j 
Dg  - Dq  Timeg 

This  relationship  proved  very  satisfactory  for  small  adjustments  in  optical  den- 
sity over  the  range  D = 0. 10  to  D = 0. 50  with  the  MP4557  film,  whose  base  den- 
sity was  Dq  = 0. 06  (clear).  Similar  success  was  had  with  the  SR-54  film,  whose 
base  density  was  Dq  = 0.16  (blue),  over  the  image  density  range  D = 0, 20  to 
0. 80. 
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Film  Considerations 

CFG  Products,  Incorporated  and  Medicom  have  pursued  the  need  for  a water- 
clear  plastic  film  base  for  the  purposes  of  medical  and  industrial  tomography. 

The  medical  case  was  solved  by  a special  arrangement  with  Kodak  to  produce  a 
medical-appropriate  emulsion  on  a 7-mil  thick  clear  base.  An  industry-appro- 
priate emulsion  (single  or  double)  on  clear  base  film  has  not  yet  been  accom- 
plished although  initial  inquiries  by  Medicom  have  been  made.  In  the  interim 
period,  they  have  identified  one  lithographic  film,  single  emulsion  on  a 7-mil 
clear  base,  which  meets  the  general  requirements  of  industrial  X-ray  tomo- 
graphy. This  is  Kodak  MP  Lithographic  Film  4557.  Using  the  companion  Kodak 
MP  chemicals,  an  Exposure  vs.  Density  curve  typical  for  this  film  Is  presented 
in  Figure  84  . The  sharp  "knee"  of  the  curve  represents  a rapid  change  from 
clear  to  black  with  a small  change  in  exposure  (light)  which  is  ideal  for  litho- 
graphy. The  typical  curve  for  Kodak  single  R film  is  shown  in  Figure  for 
comparison.  Note  the  soft  "knee"  or  broad  gray-tone  range  with  change  in  ex- 
posure (X-ray).  The  two  curves  are  separated  horizontally  in  proportion  to 
their  relative  "speed",  with  "slow"  MP  film  being  to  the  right  (longer  exposure 
for  equivalent  black).  Note  that  single-R  is  the  slowest  industrial  X-ray  film, 
yet  is  markedly  faster  than  MP  film  when  both  are  exposed  to  X-rays.  Most 
industrial  radiography  uses  double  emulsion  film  to  reduce  exposure  time  and 
cost  (1/2). 


A separate  image  on  each  film,  related  to  the  angle  of  X-ray  beam  passage 
through  the  object  is  the  primary  data  obtained.  Experience  has  taught  that  10 
separate  film  images,  provides  the  best  balance  between  defect  resolution  and 
quantity  of  light  transferred  through  a stack  of  such  films.  The  process  works 
with  as  few  as  two  films  and  as  many  as  15,  The  average  blackening  or  optical 
Density  (D), 

= (-D 

= Ti/T„ 


D 


4 


Incident  light  from  film  viewer  box 
Light  reaching  the  observer’s  eye 


on  each  film  (Dl)  in  the  region  of  interest  is  essentially  derived  from  a suitable 
viewing  total  density  Dq.  = 1. 5 to  3 (with  best  visual  acuity  between  Dip  = 2 to 
2.5)  divided  by  the  number  of  films  in  the  stack  (n). 


D. 


1 


= /n 


Therefore,  one  individual  film  from  a stack  of  10  films,  where  D,p  = 2. 5,  would 
exhibit  a Dj  = o.  25,  and  appear  to  be  considerably  underexposed  to  the  casual 
obsei'ver.  The  additive  effect  of  all  10  films,  as  they  are  coordinated  geo- 
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metrically  by  the  Dynatome  viewer,  is  the  image  of  the  focal  plane  selected  by 
the  observer  at  the  familiar  D = 2. 5. 

The  portion  of  the  object  thickness  in  focus  at  any  given  relative  orientation  of 
the  film  stack  is  claimed  to  be  2 mm.  That  portion  of  the  object  out  of  focus 
contributes  to  overall  graying  without,  (according  to  claims)  appreciably 
effecting  intensity  and  resolution  of  the  region  in  focus.  Thus,  if  the  X-ray  ex- 
posure is  capable  of  1%  sensitivity  and  the  object  thickness  is  one  inch,  a con- 
ventional X-ray  could  identify  a defect  . 010  inch  in  size.  A Tomographic  ex- 
posure would  reveal  1%  of  2 mm  or  about . 001  inch  defect.  However,  graying 
of  the  film  stack  by  those  areas  out  of  focus  is  almost  certain  to  reduce  capa- 
bilities to  some  intermediate  defect  size. 


Three  phenomena  are  claimed  to  improve  detection  of  defects.  First,  is  the 
focal  plane  thickness; 

% Sensitivity  = Defect  height  dimension  y =1= 

2 millimeters 


X 100 


where  the  2 millimeters  is  usually  much  smaller  than  engine  part  section  thick- 
ness, Second,  the  lithographic  film  is  a high  contrast  imaging  medium  which 
provides  a natural  enhancement  in  each  film  of  the  set.  Third,  the  stack  of 
films  add  in  Density  which  further  enhances  defect  indication  contrast.  The  first 
and  third  claim  are  closely  related. 

* (assuming  no  degradation  by  graying  of  film  by  out-of-material  focus) 
Equipment 


The  following  equipment  was  used  in  this  project  for  evaluation  of  dynamic 
X-ray  film  tomography: 

• T700  Reference  Standard  Disk  S-3 

• Picker  310KV  X-ray  Generator 

• Jib  Crane  for  vertical  and  horizontal  motion 

• Exposure  table  frame 

• Film  cassette  tray  and  marker  subsystem 

(special  unit  supplied  by  Medicom)  - Figure  81 


• Automatic  Film  Processor 

• Dynatome  Shaper  - Figure  82 

• D3matome  Viewer  - Figure  83 
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Procedure 


The  following  procedure  was.  used  to  produce  individual  radiographs  and]  tomo- 
graphic sets:  : 

1,  Place  S 3 on  cassette  tray  with  axial  holes  opening  to 
surface  toward  film. 

2.  Adjust  upper  vertical  marker  to  4 inch  .position. 

3,  Cover  upper  and  lower  vertical  markers  and  edge  line 
with  enough  lead  sheet  to  match  X-ray  absorption  through 
engine  part  section  of  interest. 

4.  Adjust  X-ray  tubehead  to  O,  X position.  (In  the  Picker  system 
O scales  and  illuminated  crosshair  reference  lines  were 
provided  in  the  frame  to  establish  position). 

TABLE  OF  ANGLES  USED  S = o 

TABLE  VIII  F = 40  inches 

O degrees  P inches 


20 

14. 56 

16 

11. 47-. 

12 

8,50 

7 

4.91 

2.5 

1.75 

-2.5 

-1.75 

-7 

-4.91 

-12 

-8.50 

-16 

-U.47 

-20 

-14.56 

5.  Load  film  cassettes  in  total  darkness  for  MP  film  (X-ray 
film  safelights  are  not  suitable). 

6.  Perform  exposures  at  310  KV,  10  MA  for  desired  time, 

7.  Process,  develop,  fix,  rinse,  dry  film, 

8.  Place  film  emulsion  down  on  shaper  platform. 

9.  Align  direction-of-travel  line  and  two  vertical-marker  pinholes. 

10.  Apply  vacuum  and  assure  exact  alignments 

11.  Cut  film 

12.  Reset  machine  and  remove  parallelogram 
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•M.  , 


13.  Repeat  shaping  for  all  films  in  a set 

14.  Assemble  the  set  of  films  in  a stack  (the  order  of  each  film 
is  arbitrary). 

15.  Place  film  set  in  guide  slots  and  between  guide  fingers 
of  Dynatome  viewer. 

16.  Turn  on  viewer,  rotate  control  knob,  and  search  for 
defect  indications. 

Results 

Installation  of  the  "D5matome"  dynamic  X-Ray  Tomography  equipment  in  the 
Visual  NDE  Systems  Laboratory  was  completed  November  24,  1975,  and  Medi- 
com's  specifications  for  geometric  accuracy  were  met  using  the  existing  X-Ray 
generator  and  boom.  Initial  exposure  trials  established  that  maximum  X-Ray 
output  (310KV,  lOMA)  was  required  to  penetrate  the  1-1/4  inches  of  Rene’  95, 
and  prove  the  adequacy  of  the  exposure  procedure.  It  was  soon  discovered  that 
succe  ss  in  this  project  was  controlled  by  film  emulsion/development  chemistry/ 
processor  machine  conditions  associated  with  the  clear-base  Kodak  MP  litho- 
graphic film  (slow,  high  contrast  using  standard  processing  relative  to  Kodak 
single  -R  X-Ray  film  which  has  a blue-tint  base)  recommended  for  Dynatome. 
Iii-hoase  processing  proved  inadequate,  and  outside  inquiries  resulted  in  a 
snooth  gratis  relationship  with  Bell  and  Hortenstine,  a top  Cincinnati  color 
lithography  house.  In  fact,  their  production  manager  recommended  running  the 
Kodak  MP  film  through  his  DuPont  chemistry-processor  set  for  broadest  gray 
range,  resulting  in  lithographic  film  speed  and  gray  tone  behavior  very  close 
to  single  -R  film,  giving  economical  4-minute  per  film  X-Ray  exposure  times, 
rather  than  60  minutes  per  film  as  with  standard  processing. 

Because  Medicom  had  never  encountered  film/chemistry  problems,  they  had 
never  explored  this  avenue,  and,  as  a result  of  our  studies,  the  use  of  MP  film 
for  thick- section  industrial  X-Ray  tomography  has  been  significantly  advanced. 

Once  this  technology  barrier  had  been  overcome,  we  were  able  to  make  valuable 
use  of  Dr.  Gary  Cochran’s  expertise  (President  of  CFC  Products,  Inventor, 
and  Consultant  on  this  project).  A total  of  126  exposures  were  completed  during 
these  studies.  The  long  exposure  times  associated  with  the  Rene'  95  S-3  disk,  1 
to  60  minutes  as  compared  with  a few  seconds  in  medical  exposures,  at  much 
higher  energy  and  intensity  (310KV,  lOMA)  caused  difficulties  in  imaging  the 
upper  and  lower  markers  and  travel  line.  To  solve  tids  problem,  linear  ab- 
sorption coefficient  ( ) values  were  calculated  for  lead  and  Rene’  95  at  200 
keV  (peak  mtensity  for  310KV  setting  on  X-ray  generator) , These  were  com- 
bined to  calculate  the  equivalent  thickness  of  lead  for  1. 25  inches  of  Rene’  95. 
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The  most  successful  ten-film  tomographic  set  on  MP4557  film  was  produced 
with  a 4 minute  exposure  time  and  the  DuPont  42G  processor.  The  cassette 
was  loaded  emulsion  side  down  between  5 mil  (top)  and  10  mil  (bottom)  lead 
screens.  Depth-position  of  the  side-drilled  holes  imaged  and  tlie  end  position 
of  the  axially-drilled  holes  imaged  was  readily  observable,  and  measureable 
using  a drawn  scale  along  the  upper  guide  finger  on  the  viewer.  Table  I 
lists  the  holes  observable  in  the  10-film  tomographic  set  of  MP4557. 

The  most  clearly  defined  hole  images  were  produced  on  single-R  film  SR54  us- 
ing a 5 minute  exposure  and  all  other  exposure  conditions  same  as  aix)ve.  In- 
dividual-film images  were  purposely  dark  D = 0, 8 for  best  hole/bar  kgrcJUnd 
contrast.  Under  these  conditions  of  dark  films  with  blue  base  only  two  or 
three  films  could  be  stacked  for  observation  on  the  viewer  at  one  time.  The 
better  contrast  and  additive  effect  of  image  coincidence  aided  in  resolving  hole 
no,  29,  The  soft  "knee"  of  SR54  film  resulted  in  a much  narrower  band  of  "un- 
dercut" blackening  around  the  edge  of  the  disk  cylinder  image,  allow'ing  holes 
18  through  22  to  be  observed.  The  sharp  "knee"  of  the  lithographic  film 
created  almost  1/4  inch  width  of  "undercut"  blackening  around  the  disk  edge,  and 
thereby  obliterated  the  short  (shallow  depth)  images  of  these  holes. 

The  difficulties  with  MP4557  film  exposure  and  processing  emphasized  the  need 
for  an  industrial  X-i*ay  emulsion  on  clear-base  material  . 007  inch  thick  before 
further  evaluation  of  the  D3matome  process  could  continue.  Also,  the  basic 
question  of  image  contrast  and  contrast  enhancement  was  opened,  because  it 
was  found  that  the  hole  must  image  on  each  individual  film  before  the  best 
images  in  a tomographic  set  could  be  obtained.  For  a relatively  simple  shape 
as  the  S 3 disk  a single  film  offered  essentially  the  same  information  as  a 
two-or  three-film  tomographic  set. 

CONCLUSIONS  AND  RECOMMENDATIONS 
Conclusions; 

1.  X-ray  Film  Tomography  provides  no  real  advantage  for  the 
inspection  of  regular  cylinders  such  as  the  T700  turbine  disk, 

2,  Lithographic  film  such  as  Kodak  MP4557  is  unsatisfactory  for 
industrial  X-ray  Film  Tomography  applications  at  GE/AEG, 
due  to  processing  and  exposure  control. 


l3o 


TABLE  K 

DESCRIPTION  OF  S 3 DISK  AND  RESULTS  OF  INSPECTION 


Diam. 

Depth 

Angle 

Observable 

Hole 

Cmils) 

(mils) 

X * 

JLl 

z * 

(degrees) 

4557 

SR54 

1 

29 

500 

(Ref.)  0 

Yes 

Yes 

2 

29 

500 

— 

260 

— 

17 

Yes 

Yes 

3 

29 

500 

— 

375 

— 

39 

Yes 

Yes 

4 

30 

500 

— 

500 

— 

60 

Yes 

Yes 

f) 

29 

500 

— 

620 

— 

78 

Yes 

Yes 

6 

38 

100 

490 

— 

— 

5 

Yes 

Yes 

7 

31 

300 

490 

— 

— 

27  • 

Yes 

Yes 

8 

31 

500 

470 

— 

— 

49 

Yes 

Yes 

9 

30 

700 

405 

— 

— 

70 

Yes 

Yes 

10 

29 

890 

508 

— 

— 

90 

Yes 

Yes 

11 

27 

25 

— 

— 

150 

45 

N/A 

N/A 

12 

28 

50 

— 

— 

150 

78 

N/A 

N/A 

13 

7 

15 

435 

— 

— 

109 

No 

No 

14 

7 

125 

420 

— 

— 

130 

No 

No 

15 

1 

7 

75 

420 

— 

— 

153 

No 

No 

'16 

7 

100 

465 

— 

173 

No 

No 

17 

14 

200 

485 

— 

— 

198 

No 

No 

• 18 

7 

90 

200 

— 

100 

No 

Yes 

19 

7 

90 

— 

275 

— 

121 

No 

Yes 

20 

7 

90 

— 

450 

— 

141 

No 

Yes 

21 

7 

90 

— 

512 

— 

163 

No 

Yes 

22 

7 

165 

— 

615 

— 

185 

No 

Yes 

23 

7 

100 

— 

— 

255 

142 

N/A 

N/A 

24 

7 

100 

— 

— 

310 

173 

N/A 

N/A 

25 

15 

100 

475 

— 

— 

219 

No 

No 

26 

• 14 

290 

475 

— 

— 

242 

No 

No 

27 

14 

375 

475 

— 

— 

264 

No 

No 

28 

* 

20 

540 

— 

— 

286 

No 

No 

29 

14 

500 

490 

— 

— 

306 

No 

Yes 

30 

15 

500 

— 

110 

— 

209 

Yes 

Yes 

31 

14 

500 

— 

250 

— 

231 

Yes 

Yes 

32 

14 

550 

— 

340 

— 

251 

Yes 

Yes 

33 

14 

500 

— 

515 

— 

276 

Yes 

Yes 

34 

14 

500 

— 

635 

— 

296 

Yes 

Yes 

35 

15 

40 

— 

— 

339 

241 

N/A 

N/A 

36 

16 

50 

--- 

— 

277 

274 

N/A 

N/A 

N/A  - Not  Attempted.  Beyond  exposure  capacity  of  X-Ray  Generator. 
* - About  . OU  inch  at  bottom  of  hole  and  . 030  inch  at  surface. 
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COMPARISON  OF  NDE  PROCESSES 


I 


Radiographic  Tomography  and  Neutron  Radiography  failed  to  offer  any  promise 
as  an  NDE  process  for  rotating  gas  turbine  hardware.  The  processes  do  not 
demonstrate  capabilities  equivalent  to  conventional  production  ultrasonics  and 
thus  do  not  warrant  further  consideration.  The  inspection  times  are  also  pre- 
dicted to  be  greater  than  for  ultrasonic  inspection.  All  discussion  which  fol- 
lows will  concentrate  on  the  promising  processes. 

A modified  ultrasonic  method  using  Holosonic  equipment,  acoustical  holography 
and  Compton  scattering  evaluation  all  showed  promise  in  that  equal  or  better 
sensitivity  to  defects  are  strongly  indicated.  In  addition,  the  two  latter  pro- 
cesses are  readily  adaptable  to  fully  automatic  NDE  and  so  offer  cost  effective 
processes. 

Surface  Defects 

Cracked  samples  Cl  and  C2  were  used  in  this  program  to  evaluate  inspection  of 
surface  defects.  The  standard  production  processes  used  today  are  conventional 
ultrasonic  inspection  using  the  shear  mode  and  FPI  (fluorescent  penetrant  in- 
spection) to  the  G.E,  specifications  P3TF1  and  P3TF3,  The  cracks  in  the  samples 
were  very  tight  which  represents  a problem  in  inspection. 

With  ultrasonic  Inspection,  a well  developed  production  inspection  procedure 
includes  shear  wave  analysis  of  the  disk  face  from  four  directions  (shear 
clockwise,  counter-clockwise,  radial  out,  and  radial  in).  Yet  the  sensitivity 
of  signal  response  to  orientation  was  demonstrated  with  Cl  in  that  only  a 
portion  of  the  crack  was  revealed  using  normal  P3TF3  standards. 

The  maximum  signal  response  occurs  when  the  plane  of  the  crack  is  perpendi- 
cular to  the  direction  of  ultrasonic  wave  propagation.  As  the  angle  between  the 
wave  direction  and  direction  perpendicular  to  the  plane  of  the  crack  increases, 
the  signal  response  falls  off  sharply.  One  would  normally  expect  a crack  open  to 
the  surface  to  approximate  an  orientation  perpendicular  to  the  surface  plane  of  the 
part.  Thus  a shear  mode  would  more  closely  approximate  the  ideal  perpendicu- 
lar orientation.  The  failure  to  delineate  the  total  crack  by  ulti-asonics  indicates 
a very  great  sensitivity  to  orientation  and  questionable  reliability  as  an  NDE 
process  for  surface  defects.  Use  of  ultrasonics  for  this  type  of  defect  could 
lull  one  into  a false  sense  of  security  s to  product  reliability. 

However,  production  FPI  inspection  also  failed  to  reveal  the  total  crack.  It 
was  necessary  to  go  to  an  advanced  method  of  FPI  using  ultra  high  penetrant 
solution  with  a hydrophilic  remo^•er  and  a non-aqueous  developer.  Thus,  if 
we  are  to  assume  the  possible  presence  of  such  tight  cracks  in  Rene’  95  HIP’d 
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product,  an  improved  FPI  constitutes  the  minimum  NDE  process  requirement. 


The  improved  ultrasonic  process  using  Holoson*  equipment  and  acoustical 
holography  both  use  transducers  and  have  some  sensitivity  to  orientation  as 
described  above.  Experiments  also  revealed  erratic  results  as  typified  by 
Figures  Gland  63  , It  seems  reasonable  to  assign  the  same  risk  factor  to 
tliese  processes  for  surface  crack  evaluation  as  one  would  for  conventional 
ultrasonics. 

Two  possible  processes  were  not  evaluated,  Eddy  current  testing  was  not 
within  the  scope  of  this  contract.  Eddy  current  testing  has  been  very  effective 
in  inspecting  some  types  of  surface  cracks,  primarily  in  service  hardware 
with  which  service  induced  cracks  occur  in  a predicted  direction.  When  orien- 
tation is  unknown,  eddy  current  testing  suffers  from  similar  sensitivity  de- 
pendency on  orientation  of  propogating  wave  to  the  plane  of  the  crack. 

The  second  method  not  evaluated  is  Compton  scattering.  This  NDE  contract 
was  modified  late  in  the  program  to  include  a minimal  survey  effort  using 
this  scattering  process.  From  the  survey,  a hole  , 007  inch  in  diameter  was 
readily  identified  using  an  inspection  volume  appromimating  a 1/8"  cube.  The 
ratio  of  defect  volume  in  this  test  to  the  Inspection  volume  is  1/300,  This 
ratio  is  the  governing  factor  of  sensitivity  for  Compton  scattering.  It  has  been 
projected  that  an  inspection  volume  approximating  a cube  . 05  inch  on  a side 
can  be  used  in  a cost  effective  surface  inspection.  A tight  crack  with  a gap  of 
approximately  . 0002  inch  and  effective  area  of  , 015  inch  in  diameter  would  have 
a void  volume  to  inspection  volume  ratio  of.about  1/300  as  above.  Thus  we 
could  predict  a sensitivity  to  surface  cracks  which  would  exceed  any  current 
process.  It  is  noteworthy  that  the  Compton  scattering  process  would  respond 
to  such  a defect  solely  on  the  basis  of  ratio  of  void  size  to  inspection  volume. 
Thus  an  inclusion  or  crack  barely  subcutaneous  would  be  identified.  Such  a 
defect  would  be  missed  by  FPI.  Yet  the  effect  bn  life  of  such  a defect  at  the 
surface  and  just  below  the  surface  would  be  about  the  same.  Both  locations 
are  predicted  to  reduce  life  more  than  the  same  size  defect  deep  within  the  part. 
Using  a similar  analysis,  the  Compton  scattering  process  would  easily  identify 
a surface  or  subsurface  oxide  about  . 005  inch  in  diameter.  No  other  process 
would  even  project  such  capability  close  to  the  surfe.ce. 

In  summary,  there  are  strong  arguments  for  using  the  advanced  FPI  system 
described  on  page  28on  Kene’  95  turbine  hardware.  This  is  predicated  on 
the  possible  existence  of  a tight  heat  treat  quench  crack  similar  to  the  example 
in  disk  Cl. 


Secondly,  there  is  good  justification  for  pursuing  the  Compton  scattering  method 
in  that  its  predicted  sensitivity  would  equal  or  better  current  NDE  capability 
for  detecting  internal  defects.  It  concurrently  permits  inspection  of  finished 
disks  to  assess  presence  of  surface  or  barely  subsurface  defects  in  selected 
critical  zones.  This  projection  assumes  sensitivity  already  demonstrated  and 
inspection  zone  size  linearly  reduced  60%  from  the  value  used  in  current  work. 
The  risk  of  this  projection  should  be  low. 

Non  Metallic  Inclusions 


In  the  process  of  making  metal  powders,  there  is  some  erosion  of  sprue  during 
the  atomizing.  Thus  the  amount  of  non  metallic  inclusions  in  powdered  pro- 
duct exceeds  that  commonly  found  in  cast  plus  wrought  product.  Although  most 
of  these  inclusions  are  quite  small,  below  ,010  inch,  two  efforts  are  underway 
to  assess  and  improve  product  quality.  First,  techniques  are  being  developed 
to  separate  most  non  metallic  particles  from  the  powder.  Secondly,  work  is 
underway  to  assess  the  effect  of  various  non  metallic  inclusion  morphologies 
on  mechanical  properties.  In  this  latter  effort,  there  is  much  difficulty  in 
locating  small  defects  and  assessing  size  by  correlating  indications  to  actual 
defects.  This  correlation  problem  is  inhibiting  accurate  evaluation  of  the 
effect  on  mechanical  properties. 

This  same  correlation  difficulty  interferred  with  attempts  to  evaluate  sensitivity 
of  these  emerging  NDE  processes.  Thus  some  of  the  sensitivity  claims  in  the 
following  comparisons  are  based  on  available  evidence  and  some  projections. 

Consider  the  work  of  intensity  mode  ultrasound  using  Holo  sonic  equipment  as 
described  in  the  section  on  page  53,  All  drilled  holes,  including  ,007  inch 
X ,050  inch  long,  were  easily  identified  by  this  process.  The  D1  and  D2 
specimen  revealed  many  defects  but  the  gain  settings  required  were  about  ten 
times  that  used  on  the  S series  of  samples.  This  indicates  that  many  of  the 
defects  must  have  been  smaller  than  the  drilled  holes.  Remember  most  of  the 
, particles  had  passed  through  a 60  mesh  screen  indicating  a , 010  inch  maximum 
diameter. 

In  the  evaluation  described  on  page  72,  strong  indications  were  obtained  on 
disks  having  no  questionable  indications  with  the  conventional  ultrasonic  process. 
When  cut  up  evaluations  were  made,  many  , 002  inch  oxides  were  found  but  the 
maximum  size  was  , 004  inch.  The  cut  up  techniques  used  should  have  found 
larger  defects  if  they  were  there.  Thus,  there  is  an  indication  that  the  NDE 
process  identified  small  defects  or  maybe  clusters  of  small  defects  located  in 
an  array  too  close  to  resolve.  In  the  evaluation  described  on  page  81,  many 
more  indications  were  found  by  Holosonic  ultrasound  than  were  noted  with  con- 
ventional ultrasonic  inspection,  thus  there  is  strong  evidence  that  defects  smal- 
ler than  , 010 
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inch  in  size  yielded  bright  response  signals.  However,  more  effort  is  required 
to  calibrate  equipment  and  correlate  defect  size  using  a more  extensive  cut  up 
analysis. 


This  intensity  mode  Holosonics  equipment,  like  the  other  emerging  processes 
requires  some  modifications  to  make  it  more  adaptable  to  production  inspection. 
The  recommended  actions  for  this  process  include  an  increase  in  memory  and 
conversion  from  analog  to  digital  information  processing.  This  will  aid  in 
equipment  calibration  in  that  more  definitive  signal  response  analysis  will  be 
possible.  In  the  following  discussion,  these  new  processes  are  compared 
assuming  the  equipment  modifications  necessary  to  make  them  a production 
process. 


Sensitivity 


The  sensitivity  of  intensity  mode  Holosonic  ultrasound  equals  or  exceeds  the 
capabilities  of  conventional  ultrasound.  As  discussed  in  the  previous  paragraphs 
one  could  claim  an  improvement  in  sensitivity,  but,  since  difficulties  have 
occurred  in  cut  up  analysis,  these  claims  must  be  based  on  evidence,  not 
proven  fact.  This  same  strong  evidence  can  be  applied  to  acoustical  holography 
since  the  same  basic  signal  is  used.  The  only  change  between  the  Holosonic 
intensity  mode  and  acoustical  holography  is  that  with  the  latter  method  the  data 
is  reprocessed  making  more  use  of  the  phase  shift  information  to  form  a holo- 
gram. This  reconstituted  signal,  using  the  holographic  transmit  mode,  yields 
a comparable  signal  for  the  given  defect  size  regardless  of  the  location  of  the 
defect  within  the  part.  It  is  also  less  sensitive  to  shape  and  orientation.  Con- 
versely, conventional  ultrasoimd  will  demonstrate  a very  great  difference  in 
signal  response  when  viewing  the  end  of  a flat  bottom  versus  round  bottom 
drilled  hole. 


Compton  scattering  evaluation  also  Indicates  sensitivity  equal  to  or  better  than 
conventional  ultrasound.  All  such  evaluations  of  this  process  must  represent 
projections  from  very  limited  test  data  base.  In  the  single  series  of  tests 
made  on  a Rene’  95  disk  with  drilled  holes,  easy  identification  was  made  on  a 
,007  inch  diameter  hole  in  an  Inspection  volume  described  by  the  intersection 
of  1/8  inch  diameter  collimators. 


This  represents  a ratio  of  defect/inspection  volume  of  1/300.  By  simple  mathe- 
matics, factoring  all  known  limitations  of  the  process,  the  use  of  a smaller 
inspection  volume  ( = ,050  inch  collimators)  would  make  it  possible  to  reliably 
inspect  an  inclusion  . 005  inch  in  diameter.  This  exceeds  capabilities  of  con- 
ventional ultrasonics  by  a considerable  margin.  In  actual  practice  one  would 
use  as  large  a collimator  system  as  possible  to  minimize  inspection  time.  Thus 
the  collimator  size  would  be  determined  on  the  basis  of  the  smallest  acceptable 
defect  size. 
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So  in  the  following  analysis,  it  is  assumed  that  these  three  emerging  NDE  pro- 
cesses equal  and  probably  exceed  sensitivity  capability  of  conventional  ultrasound. 
The  risk  in  using  this  assumption  appears  low  in  light  of  the  evidence,  however, 
additional  experimentation  is  required  to  fully  substantiate  these  claims. 

Now  consider  total  product  costs,  assuming  equal  or  better  inspection  oapa- 
bilities  when  compared  to  current  production  ultrasonics.  The  base  point  for 
oomparison  assumes  conventional  ultrasonics  and  an  ultrasonic  envelope  mach- 
ined to  obtained  good  surface  quality  and  inspected  by  a series  of  normal  and 
shear  scans  from  various  surfaces  of  the  part,  (Present  procedure). 

The  intensity  mode  Holosonic  process  promises  equivalent  inspection  with  the 
use  of  fewer  scans.  This  assumes  the  elimination  of  shear  scans.  These 
scans,  with  conventional  ultrasonics,  have  two  major  values;  they  increase  the 
chance  of  orienting  the  interrogating  beam  to  the  surface  of  a crack-like  de- 
fect, and,  the  propagating  wave  length  in  shear  is  half  that  in  the  normal 
(perpendicular)  scan  so  the  beam  behaves  somewha.t  like  a higher  frequency 
signal.  With  conventional  ultrasound  equipment,  5 MHz  is  the  approximate 
limit  of  frequency.  Thus,  one  might  claim  that  the  signal  behaves  in  shear 
similar  to  a 10  MHz  signal.  The  higher  frequency  results  in  shorter  wave 
length  and  so  better  resolution.  But  the  Holosonic  equipment  can  operate  well 
above  10  MHz,  Also,  for  HIP'd  Rene*  95,  any  cracks  would  tend  to  be  at 
the  surface  and  such  defects  are  identified  better  by  improved  FPI  or  possibly 
eddy  current  or  Compton  scattering  methods.  Thus  if  the  equipment  used  can 
operate  at  10  MHz  and  orientation  is  not  important  in  the  absence  of  sub  sur- 
face cracks,  normal  scans  alone  could  be  used  to  interrogate  the  parts.  This 
could  reduce  the  number  of  scans  required  by  an  average  factor  of  three  or  more. 

There  is  one  technique  that  could  increase  sensitivily  of  both  conventional  ultra- 
sound and  Holosonic  intensity  mode  ultrasound.  With  both  processes,  the 
sensitivity  near  the  depth  of  beam  focus  is  better  than  a region  in  the  sample 
weU  removed  from  the  focus.  The  difference  in  sensitivity  can  be  approxi- 
mated by  comparing  the  ratio  of  defect  area  to  beam  cone  slice  near  and  well 
removed  from  the  focus.  The  difference  can  vary  widely  as  a function  of  focus 
size  and  cone  angle.  However,  this  variable  suggests  a value  to  multiple  passes 
gating  a portion  of  the  part  depth  as  illustrated  in  Table  y but  also  adjusting 
the  beam  focus  to  the  center  of  each  slice.  Although  this  is  not  a new  concept, 
it  appears  to  have  limited  use.  The  most  probable  reason  is  the  proliferating  of 
scans  suggested  by  such  a process.  But,  if  the  normal  (perpendicular)  scan 
were  used  at  10  + MHz  and  shear  scans  eliminated,  such  an  inspection  process 
warrants  consideration. 


When  considering  acoustical  holography,  the  location  of  the  defect  to  the  depth 
of  focus  is  of  limited  importance.  Since  the  signal  describing  a given  defect 
represents  the  combination  of  responses  from  several  transducer  scan  locations, 
the  integrated  intensity  from  the  same  size  defect  in  different  locations  appears 
to  be  the  same.  A signal  at  a given  scan  location  from  a defect  near  the  focus 
may  be  stronger  than  one  well  removed  but  the  number  of  scan  locations  con- 
tributing to  the  reconstructed  hologram  is  fewer  for  the  defect  in  the  proximity 
of  the  beam  focus.  Thus  it  appears  feasible  to  inspect  a sample  with  acousti- 
cal holography  by  using  a single  scan.  This  scan  could  have  a single  or  multiple 
transducers.  The  transducers  could  move  in  a radial  direction  while  the  part 
rotates  continuously  keeping  an  orientation  normal  to  the  surface  and  maintaining 
a uniform  water  path  length.  Using  existing  experimental  transducer  manipul- 
ators, the  inspection  of  a T700  disk  blank  in  a single  sweep  would  require  about 
10  minutes.  This  assumes  completely  automatic  inspection.  The  current 
equipment  needs  some  revision  to  have  this  capability  and  these  revisions  are 
given  in  the  following  recommendations.  See  page  146  , 

Due  to  the  ability  to  inspect  near  the  surface,  as  demonstrated  in  the  work  per- 
formed on  this  contract,  no  "inspection  envelope?*  is  required.  If  we  allow 
normal  machining  tolerances  of  . 060  inch,  there  appears  to  be  no  difficulty  in 
inspecting  within  this  framework. 

Currently  a HIP’d  disk  is  machined  after  the  can  is  removed  to  yield  a rectilinear 
inspection  envelope.  In  addition  to  the  difficulty  in  inspecting  near  the  surface, 
additional  problems  occur  at  the  disjunctures  of  the  surface  with  present  in- 
spection processes.  If  a single  scan  is  used,  there  wUl  be  an  advantage  to  using 
smooth  curves  joining  regions  of  var3/ing  disk  thickness.  This  eliminates  the 
disjimctures  that  are  difficult  to  inspect.  These  smooth  contours  are  also  easier 
to  make  with  a HIP  process.  Thus  less  waste  is  anticipated  by  the  reduction 
of  the  inspection  envelope  to  the  machining  envelope  requirement  and  by  using 
a shape  that  parallels  the  shape  most  easily  HIP'd.  It  may  be  possible  to  re- 
move the  processing  HIP  can  and  inspect  after  chemically  treating  the  surface 
to  insure  removal  of  can  material.  This  would  save  pre-inspection  machining 
costs. 

For  the  Compton-scattering  process,  the  economics  are  directly  related  to  the 
speed  of  inspection.  Also,  the  sensitivity  is  directly  proportional  to  the  in- 
spection volume  defined  by  Intersecting  collimators. 


Since  the  inspection  time  varies  inversely  as  a power  function  of  the  inspection 
volume,  clear  delineation  of  acceptable  limits  of  non  metallic  inclusions  is 
necessary  to  avoid  multiplying  inspection  costs  needlessly.  With  the  absence 
of  such  a defect  limit  at  ftis  time,  some  assumptions  will  be  made  in  order  to 
have  a basis  of  comparing  inspection  costs.  First  consider  the  factors  con- 
trolling inspection  time. 

The  reduction  of  inspection  volume  by  using  one  half  the  diameter  of  collimators 
is  a factor  of  8.  Thus  the  scan  time  is  increasedS  times  to  just  traverse  the 
volume.  But,  since  the  volume  contributing  to  scattered  radiation  is  reduced 
by  a factor  of  8,  the  time  to  sense  a given  number  of  photons  (a  measure  of 
reliability)  is  increased  by  a factor  of  8.  So  halving  the  diameter  of 
collimators  increases  inspection  time  by  a factor  of  64  without  more  subtle 
considerations.  Thickness  of  the  part  being  inspected  is  also  an  important 
factor  affecting  inspection  namely  the  absorption  of  X-ray  energy  as  a 
function  of  metal  thickness. 

Assuming  reliable  inspection  of  a .016  inch  diameter  defect,  the  projected 
time  to  inspect  a disk  the  size  of  the  T700  is  about  15  minutes.  Extending 
this  to  , 005  inch  would  increase  inspection  time  to  about  2 hours.  This  still 
could  be  satisfactory  since  it  represents  an  automatic  process  and  two  parts 
could  be  inspected  concurrently  per  radiation  facUily. 

To  summarize,  again  refer  to  Table  V.  It  is  assumed  all  three  processes 
are  capable  of  the  sensitivity  of  conventional  ultrasoimd.  If  we  assume  the 
current  NDE  is  adequate,  only  costs  are  important.  With  such  an  assumption, 
the  elimination  of  shear  sweeps  with  intensity  mode  Holosonic  ultrasound 
could  reduce  inspection  times  by  a factor  of  3 or  more.  Acoustical 
holography,  based  on  a single  scan,  has  a predicted  capability  of  a completely 
automatic  inspection  of  a typical  T700  disk  in  15  minutes.  With  both  of  these 
processes,  ease  of  interpretation  is  a real  benefit.  In  addition  accurate  lo- 
cation of  defects  is  readily  obtained  and  this  could  save  scrapping  a disk  in 
which  there  is  a defect  that  would  be  removed  by  machining.  With  both  pro- 
cesses, material  savings  could  occur  by  eliminating  the  inspection  envelope. 

For  Compton  scattering  and  the  same  requirements  as  above,  a 15  minute  auto- 
matic inspection  appears  to  be  attainable.  Again  the  inspection  envelope  could 
be  eliminated.  The  process  is  probably  the  least  sensitive  to  geometry. 

There  is  a practical  limit  to  part  thickness  and  this  is  probably  less  than 
4 inches.  Any  part  with  a high  percentage  of  the  disk  over  2 inches  thick 
may  require  too  much  time. 


The  comparison  can  take  new  dimensions  if  we  assume  a requirement  to  in- 
spect reliably  to  a smaller  size  defect  than  is  now  possible  with  conventional 
ultrasonic  testing.  With  this  assumption  the  three  emerging  processes  have 
much  more  promise  than  seems  possible  with  conventional  ultrasound. 

Probably  the  most  fascinating  projected  capability  of  the  Compton  scattering 
process  is  the  ability  to  inspect  surface  and  near  surface  regions  of  critical 
zones  of  rotating  parts.  With  life  extension  programs  being  emphasized,  this 
offers  an  enticing  new  tool.  Overhaul  base  inspection  possibilities  exist. 

Future  Possibilities 

It  appears  that  both  acoustical  holography  and  compton  scattering  have  a poten- 
tial place  in  future  NDE,  Acoustical  holography  and  Compton  scattering  both 
promise  improved  sensitivity,  reliability  and  automation  adaptability.  Acous- 
tical holography  may  excell  for  thick  sections,  large  parts  and  sample  shapes. 
The  time  to  inspect  would  increase  in  proportion  to  the  plan  area.  Contour 
following  introduce  complexity  in  data  handling.  The  Compton  scattering  would 
tend  to  excell  with  more  complex  parts,  smaller  parts  and  inspection  of  sur- 
face and  barely  subsurface  portions  of  finished  components  in  regions  of  cri- 
tical stress  requirements.  The  time  to  inspect  is  proportional  to  the  volume 
being  inspected.  Contour  complexity  introduces  a minimum  of  programming 
to  handle  efficiently. 
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EQUIPMENT  MODIFICATIONS  FOR  PRODUCTION  CAPABILITY 


This  contractural  work  revealed  the  need  for  equipment  modifications  for  cost 
effective  NDE  processes.  For  acoustical  holography  and  intensity  mode  Holo- 
sonic  ultrasound,  the  existing  analog  data  handling  does  not  permit  definitive 
signal  intensity  analysis.  In  order  to  have  a method  of  relating  signal  strength 
to  defect  size,  a digital  approach  is  recommended,  Holosonics  has  developed 
a digital  memory  bonk  capable  of  256  X 256  X-Y  location  scanning  with  each 
location  capable  of  64  levels  of  intensify  and  64  levels  of  phase  shift.  This 
advanced  memory  system  is  applicable  to  HIP'd  inspection. 


Rotating  engine  parts  have  circular  symmetry  so  the  scanners  should  be  based 
on  a p - 0 rather  than  x-y  grid.  Attempts  have  been  made  to  develop  p-0  scan 
approaches  but  the  complexity  in  the  subsequent  holographic  transmit  mode 
seems  excessive.  This  problem  has  been  circumvented  by  use  of  a matha- 
matical  conversion  of  x-y  to  p-0  . This  appears  to  be  a solution  to  this  prob- 
lem. 


For  actual  engine  hardware,  software  needs  to  be  developed  to  be  used  with 
encoders  to  coordinate  manipulator  movements  with  the  response  signals  and 
feed  into  the  signal  processor.  This  software  must  be  computable  with  con- 
tour following  elements  of  the  manipulator. 


Finally,  for  the  acoustical  holographic  mode  only,  a much  larger  process 
computer  is  required  to  handle  the  complexity  of  input  information,  process 
the  Fournier  wave  forms  and  deliver  output  information  to  generate  the 
holograms.  This  would  have  been  difficult  to  do  even  two  years  ago.  The 
quanity  of  data  to  be  handled  and  the  myriad  of  conversion  operations  that 
are  made  require  very  large  memory  banks  and  extensive  computer  processing. 
Without  the  recent  advancements  in  preprogrammed  subsystems  and  micro- 
processor chips  the  cost  of  the  software  and  hardware  woixld  be  prohibitive 
and  there  is  doubt  that  the  data  could  be  handled  within  a reasonable  time 
frame. 


For  Compton  scattering  evaluation,  the  process  is  adaptable  primarily  to 
automation.  The  early  work  on  this  concept  was  performed  on  crude  labora- 
tory equipment  so  much  work  is  necessary  to  develop  a cost  effective  system. 
The  requirement  to  inspect  a very  small  volume  at  one  counting  sequence 
almost  demands  automatic  manipulation  and  data  handling  to  permit  cost 
effective  scanning  of  an  entire  part.  Recent  advancements  in  scintillation 
counters,  microprocessor  chips  and  systems,  and  precision  manipulators  all 
contribute  to  capabilities  of  designing  a cost  effective  system.  Much  of  the 
interface  software  programs  being  developed  for  the  acoustical  holographic 
systems  could  be  applicable  to  the  Compton  scattering  approach. 
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However,  the  complicated  information  of  the  acoustical  holography  is  reduced  to 
a single  photon  coimt  per  measuring  location  for  the  Compton  scattering 
approach.  This  greatly  reduces  information  processing  requirements. 


However,  there  is  an  additional  hardware  problem  unique  to  the  Compton  - 
scattering  system.  The  total  economics  of  the  process  is  governed  primarily 
by  inspection  time.  The  greatest  contributor  to  a cost  effective  system  is  the 
efficiency  of  the  scattering  collimator  system,  an  area  requiring  equipment 
development  to  capture  the  maximxim  percentage  of  the  scattered  photons  from 
the  inspection  volume. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


o Radiographic  Tomography  demonstrated  limited  value  for  the  aircraft  en- 
gine. The  process  is  not  sensitive  enough  for  rotating  hardware.  If 
problems  are  solved  relative  to  the  proper  X-ray  film,  there  may  be  some 
value  in  inspecting  castings.  It  is  recommended  that  no  additional  work 
be  done  with  this  process  at  this  time, 

o Neutron  Radiography  was  quite  inadequate  in  sensitivity  required  for  en- 
gine hardware.  Even  when  using  penitrants  designed  with  high  capture 
cross  section,  results  were  inadequate.  Exposure  times  were  excessive 
indicating  a high  cost  even  if  sensitivity  were  acceptable.  A small  use 
is  possible  in  identifying  non-metallic  rings  and  seals  in  assemblies. 
However,  if  otlier  uses  for  equipment  cannot  be  developed,  it  would  be 
difficult  to  justify  a facility  for  this  application  only.  No  additional  work 
with  this  process  is  recommended. 

o Advanced  FPI  Systems  - An  improved  FPI  system  was  explored  using  an 
ultra-high  penetrating  fluid,  hydrophilic  remover  and  non-aqueous  deve- 
loper. The  system  proved  very  useful  in  examining  tight  surface  cracks 
and  is  recommended  for  this  type  of  defect. 

o High  Gain  Ultrasonics  - Some  high  gain  ultrasonic  effort  indicated  a 
possibility  of  improving  conventional  ultrasonic  capabilities.  Use  of 
such  a process  as  an  interim  measure  may  be  beneficial  if  improved 
sensitivity  is  required.  However,  even  improved  ultrasonics  appears  to 
be  quite  limited  in  sensitivity  and  quite  inferior  to  some  new  processes 
in  identifying  size,  shape  and  location  of  defects.  With  the  additional 
promise  of  fully  automatic,  cost  effective  inspection  with  acoustical 
holography  and  Compton  scattering,  it  seems  reasonable  to  consider  this 
at  best,  an  interim  process.  Effort  that  could  be  spent  on  this  process 
could  probably  be  better  invested  accellerating  acoustical  holography, 

o Intensity  Mode  Holosonic  Ultrasonics  - This  process  promises  immediate 
improvement  in  defect  location  and  sensitivity.  With  certain  equipment 
modifications  (see  page  146)  accurate  defect  size  assessment  seems  pro- 
bable. However,  since  the  same  equipment,  with  an  additional  Fourier 
transmit  computer  could  yield  full  acoustical  holography,  the  intensity 
mode  Holosonic  ultrasoxmd  would  also  be  considered  an  interim  step.  It 
seems  reasonable  to  develop  acoustical  holography  using  intensify  mode 
only  to  perfect  this  more  advanced  approach, 

o Acoustical  Holography  - This  process  has  great  promise  but  much  effort 
is  required  to  modify  existing  equipment  for  production  capabilities  of 
aircraft  turbine  hardware.  The  pay  off  in  automatic  cost  effective  in- 
spection and  improved  sensitivity  (if  required)  give  adequate  Justification 
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for  pursuing  this  process.  Its  application  would  be  primarily  in  in- 
spection prior  to  final  machining.  Economics  would  favor  large  parts 
and  relatively  simple  shapes.  Effort  is  recommended  to  pursue  equip- 
ment modifications  discussed  on  page  146. 

Compton  Scattering  - This  process  compliments  acoustical  holography. 
It  is  a new  process  requiring  much  effort  to  reach  production  capa- 
bilities for  aircraft  turbine  hardware  but  this  effort  appears  to  be  jus- 
tified, This  NDE  process  promises  equal  or  better  sensitivity  of  any  of 
the  other  processes.  It  appears  to  have  capabilities  of  inspecting  fin- 
ished machined  sur&.ces  and  service  hardware  for  small  defects  and 
this  is  an  imique  capability.  There  is  strong  argument  for  specific 
inspection  of  high  stress  regions  of  rotating  hardware.  The  process 
is  also  capable  of  inspecting  complex  shapes.  Conversely,  it  does  not 
appear  to  be  cost  effective  for  inspecting  the  complete  volume  of  large 
parts  or  very  thick  parts.  Additional  effort  is  recommended  to  sub- 
stantiate the  claims  which  presently  involve  extrapolation  of  limited 
test  data. 
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APPENDIX  I 


Portions  of  Rene'  95  hot  isostatically  pi^ossed  powder  G.  E,  specification 
C50TF64. 


3.  REQUIREMENTS 

3.1  RaW' Material 

3.1.1  Parts  shall  be  produced  from  powder  of  a nickel  base  alloy 
known  as  Rene *93. 

3.1.2  Chemical  Composition,  Percent 


Carbon  — — — — — 0,04-0.09 
Manganese  — — — 0.15  Max. 
Silicon  0.20  Max. 

Sulfur  — 0.015  Max. 

Phosphorus  — — — 0.015  Max. 
Chromium  ————--12.00-14.00 

Cobalt  7.06-9.00 

Molybdenum  — 3.30-3.70 

Iron — 0.50  Max. 

Tantalum 0,20  Max. 


Columblum  — — - 3.30-3.70 

Zirconium  — — - 0.03-0.07 

Titanium  2.30-2.70 

Aluminum  — . 3.30-3.70 

Boron 0.006-0.015 

tungsten  — — 3.30-3.70 

Oxygen 0.010  .Max. 

Nitrogen  — 0.005  Max. 

Hydrogen  0.001  Max. 

Nickel  — Remainder 


3. 1.2.1  Powder  from  each  powder  lot  shall  meet  the  carbon,  hydro- 
gen, oxygen,  and  nitrogen  limits  before  blending  to  form  a powder 
heat.  If  the  powder  heat  is  to  be  made  up  by  blending  several  powder 
lots,  procedures  for  blending  and  sampling  for  chemical  analysis  shall 
be  .as  agreed  upon  by  Purchaser  and  powder  suppliers. 
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Appendix  I (Continued) 


«?Pooin  Temperature 


CLAS^  A 

CLASS  B 

CLASS  C 

Tensile  Strength,  psi 

230,000 

220,000 

208,000 

Yield  Strength,  (0.2%  offset),  psi 

180,000 

170,000 

166,000 

Elongation,  % in  2 inches  or  4D  — 

10 

10 

10 

Reduction  of  Area,  % ; ; — - 

12 

12 

12 

1200F 

CLASS  A 

CLASS  B 

CLASS  C 

Tensile  Strength,  psi  

207,000 

197,000 

186,000 

i 

Yield  Strength  (0.2%  offset),  psi- 

167,000 

161,000 

153,000 

Elongation,  % in  2 inches  or  4D  — 

8 

8 

8 

Reduction  of  Area,  % 

10 

10 

10 

SI  UNITS 


Room  Temperaturb 


Tensile  Strength,  MPa  1586 

Yield  Strength  (0.2%  offset),  MPa-  1241 
Elongation,  % in  50.8  mm  or  4D  — - 
Reduction  of  Area,  % — 


Tensile  Strength,  MPa  — - — 

Yield  Strength  (0.2%  offset),  MPa- 
Elongation,  % in  50.8  mm  dr  4D  — - 
Reduction  of  Area,  % 


dLASS  A 

CLASS  B 

CLASS  C 

1586 

1517 

1434 

1241 

1172 

1145 

10 

10 

10 

12 

12 

12 

649C 

CLASS  A 

CLASS  B 

CUSS  C 

1427 

1358 

1282 

1151 

1110 

1055 

8 

8 

8 

10 

10 

10 

3.3. 1.2  The  location  and  CLASS  of  the  required  tensile  specimens 
shall  be  as  specified  on  the  drawing. 


3.3.2  Stress  Rupture 


3.3. 2.1  Tost  specimens  shall  be  tested  at  1206P'  (648. 9C)  and 
150,000  psi  (1034  MPa)  and  shall  meet  the  applicable  minimum  life 
requirement  specified  below.  Tests  shall  be  continued  to  rupture, 
and  elongation  after  rupture,  measured  at  room  temperature,  shall 
be  not  less  than  three  percent  in  4D. 


CLASSES  A and  B: 
CLASS  C: 


Minimum  Life,  Hours 

50 

35 
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Appendix  II 

Portions  of  GE  Specification,  PSTi*!  for  Neltrasonic  Testing 


3 • S Test.  Pi'()t;cHliiiT>K 

3.8.1  Maloi-ial  shall  be  i»isi>(;»-tcd  by  the  immersed  technique  at 
five  meiiahcrt-/  frequency  or  abofe,  except  four  megahertz  frequency 
may  be  used  lor  shear  mode.  Bolh  longitudinal  and  shear  typos  of 
inspection  shall  be  performed  upiess  othoi'wisc  specified. 

3.8.2  For  Inspection  on  flat  surfaces,  transducers  shall  be  no 
larger  than  .lii  inch  (19.0  mm)  diameter.  A reflector  may  bo  used  for 
thin  sheet  if  desired.  Shear  wave  inspection  of  plate,  sheet  and 
sti'ip  shall  bo  perfoj'ined  in  both  longitudirial  and  transvejse  directions. 

3.8.3  CLASS  11:  For  dininotej-s  loss  than  10  inchc.s  (234  min), 

focused  transTIuccvs”shal  I be  used.  The  focal  zone  shall  not  e.Nceed 
.3  inch  (8  mm)  in  t'nc*  c i ccumferem.  ial  <Hveclion  at  the  point  of  entry 
into  the  material  and  sha  I i also  not  e.xcoed  one  inch  (25  mm)  in  length 
in  the  axi.al  direction.  Alternate  transducer  configurations  may  be 
used  with  prior  approval  of  the  Purchaser.  Automatic  equipment  which 
traverses  a spiral  path  is  .satisfactory,  hut  the  following  two  traverses 
shall  be  made  unless  otherwise  specified: 

(a)  With  the  transducer  in  the  circumferential  shear  position. 

(b)  With  the  transducer  in  the  longitudinal  wave  position. 

■3.8.1  Place  a reference  point  or  idohtitylng  mark  on  the  material 
so  that  any  i r.iiioat  iotus  found  on  the  initial  inspection  may  be  defined 
in  terms  of  the  r.-fereucc  point  in  tlic  inspection  reports  and  may  be 
readily  located  during  future  Insjiections. 

'A.a.ry  CLASS  B:  Maximum  scan  spacing  (or  one  helix)  shall  be  no 

greater  th.'.n  TS~7cv<Teiit  of  the  effective  beam  width. 

3.9  Cal  ibC'iL  Ion 

:;.9.l  If  eipiipment  has  been  off  for  more  than  15  minutes,  allow 
the  man>.ifa<' turev 'jj  |•(■coInmendcd  w.arm-up  time  on  equipment,  or  15  minutes 
whichever  is  greatic. 

3.9.2  Calibration  shall  be  perloi'mcd  before  and  after  the 
ultrasonic  .inspe»'lion  of  each  paid,  or  at  least  at  the  beginning  and 
end  of  each  work  shift.  11  the  magnitude  of  the  indication  from  the 
post-test  cal ibi'al ion  differs  10  })crcent  or  more  from  the  pre-test 
calibj’atiou  indication,  all  material  inspected  since  the  pre-test  cali- 
bration sluill  be  ix>  i nspeoted.  Cailbration  may  be  performed  on 
artificial  defects  cut  Into  the  actual  material  if  that  portion  ol  the 
mat<?rl:il  is  later  trimmed  and  sei'apped,  or  on  material  of  the  same 
type  in  l.‘•st  blocks  per  l.i:.2  or  with  gco.metry  similar  to  tho  matcTial 
to  be  in.spcci.ed.  Water  tr.'ivt-l  slmll  be  recorded  and  shall  be  maini.iimxl 
for  inspection  with  (Ial  transducers  within  .25  inch  (6.4  mm)  of  that 
u.sed  foj’  c:alil)rn1' j on ; walt-r  travel  for  foe.us«?d  transducers  shall  b(>  as 
specified  on  the-  nppl  icabJe  se.an  plan. 
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Appendix  n (Continued) 


3. .{)..'!  CLASH  A:  Siioiu-  \V-..v»‘ 

3.9.3. 1 W'iUi  I 111!  !ir:u'cli  ntu  I tlivocloJ  ul  Ihc  nciu-  siu-lru  c nl 

lost  blof.k,  cli.-xii!;''  tlu'  i.r:uisilm-<!r  position  unl.il  llm  caUIjral  uu;  ili  rui't 
dcc'pc'sl.  from  tlu'  iiu-uloni  sii rJ .nt-f  produce's  ii  mii.ximum  sir.uai  n-siHmsc  .it 
approximately  -10  dojrrcc  shear  wave  sound  path  in  the  material.  The 
mapnitude  of’  thi.s  indication  shall  be  adjusted  to  80  percent  of  full 
amplitude,  and  the  pain  .setting  recorded  lor  comparison  with  periodic 
or  post-tost  calibration.  Each  of  the  other  calibration  defects  shall 
have  their  sipnal  response  adjusted  to  80  percent  amplitude,  and  tlie 
gain  setting  recorded.  Evaluation  shall  be  done  wi,th  the  gain  setting 
lor  the  most  applicable  calibration  detect,  but  inspection  shall  be 
done  at  the  higliest  of  the  above  gain  settings, 

3.9.4  Longitudinal  Wave 

3.9.4. 1 CLASS  A:  An  attenuation  check  shall  be  made  on  the 

maximum  thickness  region  of  the  material  by  first  confirming  that 
sound  transmission  is  possible.  If  one  full  back  reflection  cannot  be 
attained  in  this  region,  calibration  shall  be  made  to  half  thickness 
and  inspection  shall  bo  performed  from  both  sides.  If  the  gain  setting 
is  30  percent  greater  than  that  required  for  a similar  distance  in  the 
calibration  test  block,  then  a calibration  test  block  which  has  similar 
attenuation  shall  be  used  or  an  approved  attenuation  correction  shall 

bo  made.  Calibration  settings  to  .achieve  80  percent  full  scale  amplitude 
of  the  above  holes  shall  bo  recorded  along  with  the  magnitude  of  other 
applicable  calibration  defects.  For  example,  on  cylindrical  foi'gings, 
the  hole  nearest  the  near  surface  should  be  set  at  80  percent  and  the 
amplitudes  recorded  for  the  indication  from  the  holes  nearer  the  far  sur 
face.  The  gain  settings  should  be  recorded , Similarly,  gain  settings 
should  be  recorded  to  achieve  80  percent  full  scale  as  above  on  each  of 
theotlier  applicable  calibration  holes  at  e.ach  gain  setting. 

3. 9. 4. 2 CLASS  H:  Holes  C and  B (GE  drawing  9064M16)  shall  be 

used  to  obtain  appropriate  sensitivity  setting  for  longitudinal 
jnspc'clioir.  With  (lie  tx'ansducer  directed  normal  to  the  surface,  scan 
along  Iho  bar  axis  until  the  transducer  is  directly  over  hole  E.,  The 
g.'iii  shall  be  adjusted  to  achieve  an  80  percent  full  scale  amplitude. 
Record  this  setting.  Repeat  this  procedure  for  hole  C.  Inspection 
sii..?’  bo  perforiiiod  with  the  instrument  set  at  the  maximum  of  the  two 
gain  settings  recorded  above. 

3.9.5  CLASS  A;  Surface  Wave 

3.9.5. 1 Whenever  thickness  is  loss  than  .050  inch  (1.27  mm)  oi’ 
whenever  the  geometry  precludes  shear  inspection,  calibration  for  surface 
wave  inspection  shall  be  performed.  Notches  perpendicular  to  the  surface 
and  of  depth  three  percent  of  thickness,  or  ,001  to  .010  inch  (0.03  to 
0.25  mm)  width  not  greater  than  .003  inch  (0.08  mm)  and  length  not  to 
exceed  .5  inch  (13  mm)  sJiall  bo  placed  in  a position  not  closer  than 
.5  inch  (13  mm)  of  edge  or  oilier  major  surface  deviation.  Where 
possible,  the  notches  shall  be  placed  in,  the  front  and  back  surface, 
unless  the  calibration  piece  is  readily  inverted. 
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3.9. 5. 2 The  surlace  wave  KCiU’cih  unit  shall  bo  placocl,.so  that  the 
beam  is  directed  tow.ard  the  broad  si.»le  of  the  nb^h.  Sensitivity  of  the 
unit  shall  be  adjusted  until  the  indication  of  tiie  notch  is  clearly 
defined  and  is  80  percent  amplitude.  This  sensi tivity  setting  shall  be 

recorded.  The  search  unit  sliall  be  moved  backward  until  the  image 
disappears  from  the  screen,  and  then  forward  until  the  image  maximizes 
on  the  screen.  Distance  shall  bo  moasijred  from  some  refci'ence  on  the 
search  unit  to  the  notch  so  that  distances  may  subsequently  be  measured' 
properly  on  the  material  being  inspected. 

3.9.6  CI.AS.S  B;  Circumferential  Shear  Wave 

3.9.6. 1 In  shear  wave  calibration  of  bars  2.75  inches  (69.8  mm) 
in  diameter  and  greater,  tost  blocks  shall  bo  equipped  with  hole.*;  B,  D, 
and  Fj  to  GE  drawing  number  9064M16.  In  biir.s  under  2.75  inches  (69.8’  mm) 
in  diameter,  hole  F only  may  be  used  to  obtain  the  appropriate  sensitivity 
setting  for  the  circumferential  shear  inspection.  The  transducer  may 

be  angled  or  offset  to  achie,ve  the  45  degree  sound  prbpagation  within 
the  bar.  An  offset  of  l/6th  bar  dlamctoi*  is  a good  starting  point  to 
establish  the  proper  angle.  Appropriate  gain  setting  shall  be  recorded 
for  future-  calibi'ation  checks. 

3.9.6’.  2 Calibration  configurations  other  thaii  flat  bottom 
holes  may  be  approved  by  the  Purchaser  as  working  calibration  standards 
provided  it  can  be  proved  that  the  alternate  configuration  established 
equal  or  greater  sensitivity,  resolution  and  penetration. 

3.9.7  CLASS  B;  Dynamic  Calibration 

3.9.7. 1 The  calibration  defect  used -for  the  specific  inspection 
being' perfoj'inod  shall  bo  recorded  or  monitored  at  opei'ating  speeds. 

This  verification  of  calibration  shall  be  performed  at  least  every 

four  hours.  If  more  than  10  percent  change  in  calibration  is  evidenced, 
all  material  inspected  since  the'  previous  calibration  shall  be  rein- 
spec  ted. 


3.10  Inspection 

3.10.1  Testing  shall  be  conducted  so  that  all  material  in  the 
required  zone  is  scanned  during  eiich  type  of  inspection.  This  can  be 
done  by  advancing  the  search  unit  or  part  no  moi’e  than  three-fourths 
of  the  minimum  effective  beam  diameter  of  the  specific  transducer  in 
use . 


3.10.1.1  CLASS  B;  A sy.stem  utilizing  gate  monitoring  without 
recording  (C-scan  or  sTrip-chart)  shall  be  set  so  that  when  an  indicas 
tion  other  than  the  end  of  the  bar  activates  the  alarm,  the  system  will 
shut  down,  or  will  alarm  continuously.  The  sensitivity  shall  not  be 
reduced  near  the  end  of  e.ach  bar.  The  gate  shall  be  placed  between 
the  fi'oivt  and  back  reflections,  as  close  to  the  fx'ont  reflection  as 
noise  will  allow  to  enable  recording  or  monitoring  of  defects.  In 
no  case  may  the  gate  monitor  less  material  than  included  between  the 
outer  diameter  and  the  center  of  the  bar. 


Appendix  Il(Continued) 


3.10.2  Both  slioar  wave  and  lonitltucUnal  wave  ultrasonic: 
inspection  shall  he;  performed,  except  where  surface  wave  inspection 
is  indicated  in  3.U.5  a'bciye,.  Iti  s»ic;h  cases,,  suriace  wave  inspection 
replaces  all  or  i)art  of  tiie  shear  wave  inspection. 


3.i0.3  inspec'.lion  shall  be  performed  at  a rate  compatible  with 
sensitivily  anci,  resolution  required  loi*  the  speciJ'ic  material  being 
inspected  with  such, .things  as  pul.se  repetition  rate,,  effective  beam, 
diameter,  lineal  suriace  speed,  etc.,  being  taken  into  consideration. 
Focal  distance  during  inspection  shall  be  maintained  equal  to  that 
used  in  the  calibration  for  such  material. 

*.  3.10.4  Inspection  shall  generally  be  porfoi'ined  .at  the  maximum 
of  the  calibration  sensitivity  settings,  but  evaluation  of  an  indication 
shall  be  to  the  mo.st  appropriate  calibration  defect;  that  is,  surface 
wave  indications  shall  be  compared  to  the  surface  calibration  notch  bn 
the  proper  surface,  and  inlernai  indications, shall  be  compared,  .to  that 
calibration  hole  which  lias  metal  travel  equal  to,  the  indication  or  the 
next  greater  metal  travel  tiiaii  that  of  the  indication. 

3.10.4.1  CLASS  A:  Amplitude,  location,  and  depth  of  all  indi- 

cations 10  percent'  orTull  scale  loss  than  drawing  requirement  or  60 
percent  of  full  sciile,  whichever  is  smaller  shall  be  recprcled  and 
reported.  The  lengtii  or  area  dimensions  of  indications,  which  arc 
relatively  continupu.s  l.250  inch  (6,35  mm)]  at  magnitude  of  30  percent 
amplitude  of  full  scale .or  greater  sha^  be  recorded, 

3.11  Rejection 

* 3.11.1  CLASS  A:  Indicalion.s  which  exceed  the  magni- 

tude obtained  I'rom  the  appj’oprialc  calibration  defect  and  any  indication 
of  a continuous  nature  (i.e.,,  continually  of  greater,  than  25  percent 
magnitude)  which  has  any  dimension  over  .5  inch  (13  mm)  shaH  be  cause 
for  rejection.  For  longitudinal  wave  inspections  on  material  less  than 
,125  inch  (3. IS  mm)  thick,  reduction  of  the  magnitude  on  fourth  back 
reflection,  or  fi’om  the  reflector,  to  50  percent  or  below  shall  be 
cause  for  rejection. 

CLASS  B:  Unless  otherwise  specified,  acceptable  limits 

shall  be  60  percent  of  full  scale  for  bar  stock  under  2.75  inches  (69 .’8 
mm)  in  diameter  and  40  percent  for  bar  stock  2.75  inches  (69.8  mm)  and 
over  in  diameter.  Evaluation  of  those  ihdicatipiis  which  arc  within  five 
percent  of  the  acceptance  limit  shall  be  made  in  comparison  to  the  cali- 
bration hole  of  equal  or  next  greater  metal  travel.  The  appropriate 
calibration  hole  being  used  for  comparison  shall  have  its  indication 
set  at  a screen  amplitude' of  80  percent  of  the  full  scale  during  the 
evaluation. 

3.11.2  Uhnccop table  indi'catidn.s  w'Kich  can  bo  removed  without 
affecting  tlio  usdability  of  the  material  niay  bo  resubmitted  for  u^ltra- 
sonic  inspection  after  rework. 
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A portion  of  GE  Specification  JP3TF2 
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